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The reflectance of porous silicon carbit@SQ thin films on SiC substrates is measured in the infrared
reststrahlen region by Fourier transform infrared reflectance spectroscopy and is compared to simulated spectra
based on phenomenological and Bergman statistical effective-medium dielectric functions. The phenomeno-
logical models evaluated include the Bruggeman, cavity- and sphere-Maxwell-GE&rgitc and S-MG,
Landau-Lifshitz/LooyengdLLL ), and Monecke models. In addition, modifications to the Bruggeman and
C-MG models with variable particle shapes and surface layers are examined. Hybrid versions of the C-MG and
LLL models are also considered, alternatively by using a phenomenological mixing approach, which gives a
direct physical interpretation of the topology, and by directly mixing the statistical spectral density functions of
the C-MG and LLL effective dielectric functions. This latter statistical hybrid model gives the(@edtquite
good agreement with experiments. The differences in the hybrid models are understood by comparing their
spectral density functions. The dipr splitting) in the PSC film reststrahlen band is attributed to surface optical
phonon modes.

[. INTRODUCTION used to investigate the infrared properties of SiC and
. . . . PSC®® and Raman scattering spectroscopy has been used
Evgluatlon of the dielectric function is central f[o under- to evaluate the optical phonon spectra of P3G. a partially
standing frequency-dependent transport, electronic and optipnic |attice, SiC has nondegenerate longitudinal optical
cal properties of materials, in general. It is of particular in-(LO) and transverse optic&T0) phonons in the midinfrared,
terest in studying inhomogeneous dielectric mixtures withand the infraredIR) spectrum of bulk SiC has a broad rest-
structure having dimensions small compared to the wavestrahlen band between the T@93.9 cm?) and LO(970.1
length. Dielectric functions obtained from experiment can, incm %) phonon frequencies. Reference 1 has shown that the
fact, give insight into the nanostructure of the material. The'eststrahlen band in PSC is substantially different from that
effective-medium theory used to describe the dielectric funcforﬂUIk SiC in that it also has a pronounced peak at 970
tion must be valid for, as well as account for, the macro-CM - While the simulations of IR spectra using the
scopic volume fractions, the local microstructural geometrWaxwell-Garnett(MG) effective-medium theory presented

L N - ’in Ref. 1 clearly predict this feature, they do not predict the
of the individual material¢sizes and shapes of the constitu- shape of the reststrahlen band in PSC, nor the dependence of

ent materials and the microstructu_ral topology of the mix_— this band profile on film porosity and film thickness.
ture (how the substances are mixed and the correlation |5 gec. |Ii, the procedure for preparing the PSC films is
length. This paper analyzes the dielectric function of porouspresented. In Sec. IlI, experimental infrared reflectance spec-
silicon carbide(PSQ using infrared spectroscopic data andtrg gre presented of as-anodized PSC ugitgpe 6H poly-
several effective-medium theories, including a range of phetype andn-type 4H polytype starting materials. In Sec. IV,
nomenological models and statistical theories. It is found thathe infrared reflectance spectra of as-anodized PSC films are
a more complex treatment of the mean-field dielectric funccompared to simulations based on several effective-medium
tion of PSC is needed than was used in earlier treatntentsmodels of the dielectric function. In Sec. V, the performance
one that uses phenomenological and statistical mixing of thef these models is evaluated and the origin of the splitting of
features of current models to produce new hybrid models. the reststrahlen band is discussed. Concluding remarks are
Porous silicon carbide formed by anodization has been opresented in Sec. VI.
interest in recent years because it luminesces efficiently, and
more efficiently than bulk SiG.A thermally grown oxide
film on the pore walls further enhances the luminescence Two PSC films were fabricated from bultype 6H-SiC
efficiency and shortens the emission wavelength of PSCsubstrate¢PSC1 and PSQ2and one from an-type 4H-SiC
Electroluminescent devices based on PSC have beesubstrate(PSC3 with Njp~10"—10¥cm™2 (Table |.
demonstratetland PSC has been used as a sensing materiddetal films were sputtered onto small areas of the substrates
in capacitive gas sensctdevices using PSC offer advan- for contact, and the samples were encapsulated in black wax,
tages over those based on porous silicon due, in part, to thedixposing a small polished area. The (Hy)(ﬂlces of the
better mechanical and thermal stability. The much slowesamples were anodized galvanostatically in a dilute ethanolic
oxidation rate of PSC also offers the possibility of studyinghydrofluoric acid solution for different lengths of time.
Si-based porous materials under better controlled conditions. Ethanol was added to the HF solution to decrease the
Fourier transform infraredFTIR) reflectance has been capillary forces which inhibit the flow of the electrolyte into

Il. EXPERIMENTAL PROCEDURE
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TABLE I. Properties of the PSC films. 100 T
---- PSC1
Substrate Doping Thickness oL N\ PSC2 |
Sample type (cm™ (um) Porosity -—--PSC3
bulk SiC]
PscC1 p-type 2.0 10'8 2.02 0.74 60
PSC2 p-type 2.0 10'8 30.9 0.74
PSC3 n-type 2.7x 108 45.0 0.50

40

reflectance (%)

the pores. The HF and ethanol were of semiconductor anc
reagent grade, respectively, and the water was distilled. The
films were prepared using an EG&G Model 362 scanning
potentiostat. The electrolyte bath was recirculated during the 0
anodizations to reduce the adhesion of CO,,Cénd Q
bubbles that evolve on the surface of the electrode and tc i
dissipate heat. Following anodization, each sample was 15]'
rinsed in ethanol and dried in air. i
The PSC film thickness was determined by cross-sectior
scanning electron microscopy8EM) and optical micros-
copy. Film porosity was determined by IR reflectance inter-
ferometry. References 8—11 have been used to relate th
measured optical indices of refraction and the porosities of !'
porous silicon films in nonresonant spectral regions using I \V' \ ; (b)
several effective-medium theories. The approach of Refs. ¢ . "’M“’f{\‘ Aw:.f:fm.-»-»,«.-«.-»-««m A
and 10 was chosen here because it seems the best suited £ : 1
porous material$? Values of the porosity for each of the d
PSC films were determined by matching the model reflec- 1000 1500 2000 2500 3000 3500 4000
tance(using the measured film thickness and dielectric func-
tion effective-medium modglto the observed interference
fringes in a nonresonant region of the IR reflectance spec- FIG. 1. Infrared reflectancé) in the reststrahlen band from
trum. The thickness and porosity of the three PSC samplesiree PSC filmgPSC1, PSC2, and PSE2ach on a SiC substrate,
are given in Table I. along with the IR reflectance from a bare 6H-SiC substrate (lBnd
The FTIR reflectance spectra of these PSC layers in thebove the reststrahlen band, showing fringes due to interference in
reststrahlen and nonresonant regions were acquired usingtte films.
Perkin-Elmer Paragon Model 1500 FTIR spectrometer using
a specular reflectance accessory. The unpolarized reflectanggy two bands: a broad band at lower frequeric) and a
was measured from 400-4000 chrat an angle of 15° with  gharp higher-frequencyHF) band near the LO frequency.
respect to the normathe minimum angle permitted by the \while the low-frequency shoulder of the LF band in PSC is
instrument. The resolution of the spectrometer was set at lgimilar to that of the bulk, the high-frequency shoulder of
L. Multiple scans were taken for each sample to ensurenis pand has a more gradual “descent.” This dip in the
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repeatability, and weak apodization was used. Each of thgsstsirahlen band near 950—960 ¢nis seen in all PSC
samples was cleaved or cut using a diamond saw for crosgamples.

section film thickness measurements. PSC1 will be called a The width and shape of the reststrahlen band of PSC films
“thin” film, and PSC2 and PSC3 will be called “thick”  qf finjte thickness depend on the porosity of the PSC film, as
films. suggested in Ref. 1, but they also depend to some extent on
the film thickness. Transmission electron microscopy has

. EXPERIMENTAL RESULTS shown that for p-PSC prepared with current density

i . . <30mA/cn?, higherJ leads to a more porous fillThe

Figure X&) shows the IR spectra in the reststrahlen regionyiqih and position of the shoulder of the LF reststrahlen
of thin (PSC1 and thick(PSC3, highly porous(porosityf  foatres are observed here to depend on the formation cur-
=0.74) p-PSC films on bulk 6H-SIiC substrates, the corre-rent density and etching timevhich together determine the
sponding bare bulk 6H-SIC substrate, and a thick, mOderporosity, porosity depth profile, and film thickngsSpecifi-

ately porous {=0.50) -PSC film on a bulk 4H-SiC sub- a1y the longer the etching tim@nd correspondingly the
strate(PSC3. (The IR reflectance from the 4H-SiC substrate ihicker the porous laygmor the higher the formation current

is nearly identical to that from the 6H substrateigure Xb)  gensity, the more narrow the LF reststrahlen feature.
shows the reflectance of the PSC films at higher energies,

each of which exhibits interference fringes in the spectral
region from 1000 to 4000 cit. As seen in Fig. (), the
spectra of thg-PSC anch-PSC films are very different from
that of bulk SiC. The reflectance of PSC in the SiC rest- The dielectric function for bulk SiC can be modeled as a
strahlen region shows a splitting of the SiC reststrahlen bantlorentz oscillator with plasmon damping

IV. ANALYSIS
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wherew; andwy are the LO and TO phonon frequencies,
is the high-frequency dielectric constant,is the phonon
damping parametef4.763 cm,®® unless otherwise speci-
fied), w, is the plasma frequency, anld is the plasmon
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where f; is the

medium.

respective volume fraction of the

A. Bruggeman theory

The Bruggeman theory imposes the self-consistent re-
quirementeq«(€y) = €. Equation(3) shows that this means
(a)=0. For a binary disordered material consisting of two

damping parameter. The second term in the parentheses d@aterials having dielectric functions (w) and e,(w), with
scribes plasmon damping and it should not affect the restyoncentrationgvolume fractions f, and f,, respectively,

strahlen region for the low-to-moderate doping levés p
~(2-3)x10"®cm 3, w,<w 1) used here.

The Maxwell-GarnetiMG),** Bruggeman[or effective-
medium approximatiofEMA)],2 Landau-Lifshitz/Looyenga
(LLL),%° Monecke®® and generalized statisticBergman
representatio)’lG effective-medium theories are used to

Eq. (5) becomes

27 Eeff
€+ €

€17 Eeff
€11+ 26

(6)

>f1+

e.s(w) is explicitly given in Ref. 17. The Bruggeman model

)f2=0

model the dielectric function, and in turn the IR reflectancelS Symmetric with respect to the constituent materials; here

of PSC. The four phenomenological models are special an

2IC and air are both embedded in an effective medium.

lytical cases of the statistical theory. The PSC layer is modEduation (6) is valid only for 0.05<|e;(w)/€1(w)|<20,

eled as a finite layer on an infinite half-space of bulk SiC

where the fluctuations in the local value ef are not too

Porous silicon carbide itself is modeled as an isotropic twolarge:

phase medium consisting of bulk SiC and pdias for each

Figure 2 compares the simulatégashed linesand mea-

of the three models. Bulk SiC is modeled as a Lorentziarfured(solid lines IR reflectance spectra for PSC1, PSC2,

oscillator[Eqg. (1)], with the second term ignored. Modifica-
tions to the cavity-Maxwell-GarnetC-MG) and Bruggeman

and PSC3. Although the Bruggeman model does produce a
splitting of the reststrahlen band for the tiprfPSC(PSCJ,

models are also considered in Sec. IV C, including the effecthe agreement with the measured spectrum is poor. Agree-

of varying the shape of the pores and the possibility of in

_-ment is poor for the thicker porous laygRSC2 and PSQ3

cluding a third phase, an inner surface layer of SiC with@nd, in fact, the modeled reststrahlen band does not split for

different properties from the bulk SiC phase. PhenomenoPSC3.
logical hybrid models that combine effective-medium theo-

ries are considered in Sec. IVF. The generalized statistical

B. Maxwell-Garnett theory

theory of the dielectric functions is also applied, including a = The Maxwell-Garnett theory models a binary disordered
statistical hybrid model, in Sec. IV G. The Appendix details material composed of materiafs and B with volume frac-
how the structures are modeled optically to obtain the reflections f, and fg, in the limit of small volume fraction of\

tance.

(fA<0.15), assuming,=eg. Equation(5) then gives

The two most commonly used effective-medium models

are the Maxwell-Garnétt and the Bruggemdrtheories. In
both, the effective dielectric functiogay; of the medium is

obtained by averaging the dielectric function in each cell in o )
the mediume;, assuming that each cell is embedded in aUsing this in Eq.(3) gives

homogeneous medium with dielectric functiep. The ef-
fective dielectric function is given by

_ EiP(Ei ,EO)D(ei 160)d6i
Eeﬁ(fo)_ Eip(ei uEO)E(Gi ,Eo)dfi '

)

where P, D, and E are the dielectric function probability
distribution, the displacement vector, and the electric fiel
respectively. For spherical cells this reduces to the Clausiu
Mossotti equation

1+2(a)
1-2(a))’

wherea is the polarizability per unit cell volume

)

€eff— Eo(

€~ €p

€+2¢’

(4)

a(e)=

and(a) denotes the average aftaken over all cells.

(i)

€ — €p
Ei+2€0

€~ €g

B i Ei+260 P

©)

€€ \ [ €EaT€B
<€i+260>_ 6A+2€B (7)
1+2fA[(6A_EB)/(6A+ZEB)]
corl @)= €l ) 1—fA[<eA—eB)/<eA+2eB>]]' ®

which is asymmetric ilA andB.
The MG model corresponding to spherical air inclusions
(materialA) that are coated by Si(B) is termed the cavity-

dMaxweII-Garnett model, and the reverse topology, that of

S":;-iC sphere$A) coated by aifB)—which is nonphysical—is
the spherical-Maxwell-GarnettS-MG) model; this is the
same terminology as used in Ref. 1. Using the C-MG model
with the effective dielectric functiorea=€,,=1 and eg

= €gic(w),
€sid 2 f(1—€sic) +(1+2€si0) |
(1_f )+(2+f )ESiC

wheref (=f,) is the volume fraction of aifporosity).
The effective dielectric function for the S-MG model is

€ei( @) = 9

ZM(ESiC_ 1) + GSiC+ 2
€sict2—M(esic—1) ’

(10

Eeii( @) =

whereM=1—f,.
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FIG. 2. Modeled unpolarized reflectance from PSC films on SiC % 60
substrates in the reststrahlen band using the Bruggeman model
(dashed lingsfor samples having thickness and porosity corre- £ 4g
sponding to the three PSC films; the measured reflectance is de-%
noted by the solid lines. = 2
Figures 3a)—3(c) compare the simulated specti@gashed
lines) using the C-MG model with the measured spectra 200 700 300 500 1000 1100

(solid lineg. The model predicts a splitting of the rest-
strahlen band into a wide low-frequency band and a small,
high-frequency bandlocated near 970 cnt), similar to
what is observed. The LF band in the C-MG model is almost
symmetric and boxlike, in contrast to the measured reflec-

energy (cm”)

FIG. 3. Modeled reflectance froffa) PSC1,(b) PSC2, andc)

tance (For f=0.74, this model predicts a minimum near 900 psc3 films on SiC substrates using the cavity-Maxwell-Gafi@tt

cm 1 only for film thicknesses 0£d=<10um and only for
the p-polarized component.The reverse topologyS-MG)
model is even less successfabt shown. Aside from fea-

MG) model (dashed linesfor the three PSC films; the measured
reflectance is denoted by the solid linéd) The same asc), but
using a modified C-MG model for spheroids with several depolar-

tures caused by interference, the model reflectance is charagation factorsl; and for a uniform distribution of ; from 0.01 to

terized by a broad band with a minimum near 910 éfor ~ 0.99.
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PSC1, two distinct peaks for both thick layers PSC2 and e, (w)]. With this geometry and topology, the C-MG
PSC3, and a single peak that rises near 900’dior PSC3. model can be modified to account for different phonon
damping characteristics of the surface and the possibility of
C. Modifications to the cavity-Maxwell-Garnett and free-carrier absorption in the shell or medium. This model
Bruggeman models can also be used to include an oxide film on the pore walls,
as was shown in Ref. 6.

Porous silicon carbide consists of connected and elon- . . . . .
; o T The dielectric function for this three-component mixtur
gated voids, and not the distinct spheres of air in the C-M e dielectric function for this three-component ture

and Bruggeman models. Also, a large fraction of the PSC is
at or near the surface of these voids, and the properties of

3 _ 3 _
these regions may be different from those of the bulk. Re- FecAcp™+TeA(1—p) +em(1-1)

. . . 3 Eaff= , 13
finements of these effective-medium models are considered ef fAP3+TA(1—p3)+1—1 13
that reflect these features.
whereA,=3¢e.B, A;=(e.+2¢,)B, p=r./rs, and
1. Varying the void shape using a depolarization factor
Under some preparation conditions, the pores in PSC _ 3€m (14)
3 .

preferentially grow perpendicular to the (0QOkurface,  (est2em)(2est €) —2( €5~ €m) (€~ €c)p
leading to ellipsoid-like or column-like voids; this may be . _
due to enhanced field effects during the formation of porougc @ndrs are the radii of the core and shell, respectively, and

semiconductor film48 The potential effect of pore shape on f is the total volume fraction of the cores and shells. Sasaki
. 22 . -

the dielectric function is examined by using an adjustableet @ used the above model to describe the infrared absorp-

depolarization factorl; for ellipsoidal voids {=1,2,3). tion from small spherical SiC particles embedded in KBr by

Equation(9) for the C-MG model is modified to gi\;gzo including a thin surface layer on the SiC spheres that pos-
sessed different phonon and plasmon damping characteris-
(@)= fesic(1—€esic)(1-Lj)+esdLj+(1—Lj)esic] tics. _ . _ _
eff L+ (1 L)) esic— F(1—esol; - The C-MG model is modified for PSC using this core-

(12) shell-medium(CSM) model. The core is taken as aigy(
=1), the surrounding medium as bulk SiC wigh= €gic,

In SI units,L]-=_1/3 for _spherical c_avities and 3 ;<1 for 544 the shell as a surface layer of SiC W= €sic surface
prolate spheroidal cavitigdong axis along the normal to the Equation(13) becomes

layer and to the electric field
Similarly, Eq.(6) for the Bruggeman model is generalized FAP3+ Fesic aualo(1— p?) + es(1— )
C IC surtace s I

fApS+IA(1—p3)+1—f

to

eeff: ’ (15)

€27 Eeff

— | f,=0.
Eeff'H—j(EZ_eeff) 2

where A= 3esic sufacB aNd As= (1+ 2€sic surtacdB- €sic IS
(12) a Lorentzian[given by the first term in Eq(1) with
=4.763cmY] and egic surface described by Eq(1), using

Figure 3d) shows the modeled reflectance correspondingyoth terms with variable plasma frequenoy, and phonon
to sample PSC3 using Eml) for different depolarization ('}’) and p|asmo|'ﬂ_‘) dampmg rates. “Coup]ing” of the pho_
factors (dashed linesfor the modified C-MG model, along non and free-carrier terms can occur for large valuegarid
with the measured spectr@olid line). IncreasingL; in- ', The modeled reflectance was studied as a function of shell
creases the HF peak and narrows the LF peak, while main4) phonon damping raté?) plasma frequency and plasmon
taining the symmetry and vertical shoulders of the LF banddamping rate, an@) thickness(relative to the pore radilis
Overall, agreement with experiment is seen not to improverhe volume fraction of aifthe actual porosityis p°f.
for this modified C-MG model or the modified Bruggeman  The inclusion of free-carrier absorption in the shell layer
model (not shown whenL; is varied. Also shown in the of SiC (with the same phonon damping parameter in the
figure is the simulation for a uniform distribution bf from shell and mediumimproves the agreement in the LF band,
0.01 to 0.99. This distribution does not improve agreemenput eliminates the additional peak near 970 ¢rfor all rea-
with the observed spectra. Modifications to the S-MG modekgpnable values ofv, (750-4000 cm?) and I' (0-5000
were not performed because of the poor results for them1) (not shown. If the plasmon term is eliminated, so that
spherical crystallite model. the shell layer differs from the surrounding bulk only by its
different phonon damping parametg,;, there are combi-
nations of values for the two free parametéesg., ysnel

The damping characteristics of phonons on surfaces may150cm* and p=0.975) for which there is reasonable
be different from those of phonons inside the bulk of a ma-agreement with the reflectance spectrum, as shown in Fig. 4.
terial. Weaveet al?! and other& have recast the MG model This damping width is much larger than that assumed in the
to model a dielectric mixture consisting of three constituentulk SiC, (4.763 cm%). Since it is likely that PSC is essen-
materials, two of which are related. The topology is com-tially depleted of free carriers, surface plasmon-phonon cou-
prised of basic units of a cor@nconnected spherical pores, pling should be insignificant here, as was concluded in ear-
for examplé with given dielectric functio e.(w)], a sur- lier studies of porous GaAS.It is unlikely that such surface
rounding shell with[e,(w)], and a surrounding medium effects are very important here.

€17 Eeff )
€eff T Lj(fl_ €eff)

2. A distinct surface layer: core-shell-medium model
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FIG. 5. Modeled reflectance from PSC films on SiC substrates

FIG. 4. Modeled reflectance from PSC films on SiC substrates, _. e r: .
. . " he L -Lifshitz/L LL | h |
using the core-shell-mediufCSM) variation of the C-MG model %smg the Landau-Lifshitz/Looyengd.LL) model (dashed lines

(dashed lines for the three PSC films with 150 o L for the three PSC films; the measured reflectance is denoted by the
Y shell™

solid lines.
p sheli= 0, I'spei=0, andp=0.975; the measured reflectance is de-

noted by the solid lines.

13_ ; 13N
D. Landau-Lifshitz/Looyenga model Ceff —\€i Ji=1 (16

The effective-medium theory derived independently by L . .
Landau and Lifshizand Looyeng® has not been used pre- For two components with dielectric functiors and e, and
viously to model PSC. Theiéhas shown that this model is e volume fraction of component 2 callé,
more appropriate topologically for porous materials than are
the Bruggeman and MG models. In LLL theory, a random, o= (
homogeneous, and isotropic mixture of two or more materi- eff
als is assumed. Variations in the local field and local permit-
tivity are small, the latter being small compared to the di-Here, e;,=¢€gc and e;=¢€,,=1, andf, is the porosity of
electric permittivity. The effective dielectric function is a the film (f). Like the Bruggeman model, the LLL model
weighted average of those for the constituents and is correts symmetric with respect to the two media. The LLL
to the second order in the differences in the permittivitiesmodel results for the three samples are shown in Fig.
For N constituents, 5 (dashed lines along with the measured spectra

1/3 1/3 1/3
& — e+ €. (17)
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(solid lineg. For the thin PSC fiim(PSC1, the LLL E. Monecke model

model produces a splitting of the band and the HF peaks that _ )

is also predicted by the C-MG model. However, there is The Monecke model is not based on a physical topology,
essentially only a single peakF) with a sloping shoulder but on an interpolation between the extreme limits of the
for the thick PSC films. The agreement with the measurednixture. For the case when it interpolates between the C-MG

spectra is slightly better than that using the Bruggemarmnd S-MG models for spheres, the effective dielectric func-

model.

tion is

erf(e2—€)/(2€1+ €) ]+ 4(1—f ) e +2(1— )% (e, €1)

Eet( @) =

wheref is the porosity where; is chosen to represent the
dielectric function of air and, that of the material. For the

[(e2—€)/(2e1+ €)]+(1-1) ’

(18

for thin PSC and is good for the thicker PSC films, as shown
in Fig. 6. Decreasind cyc lowers the peak reflectance near

analogous case of aligned infinite cylinders whose axes arer .

perpendicular to the electric field, the effective dielectric

function is

C_
e L)

s s—Sp (19

éeff(w)zfl(
where s=¢,/(e1—€5), n=(1/1250)f(1—f), and sp=1/2
—(1—f)2+3/2(1—f)2—(1—1)3.

The simulations of the reststrahlen band in PSC usin
both Monecke modelgnot shown are qualitatively similar

to those with the C-MG model, and they do not agree any.,

better with the measured spectra.

F. Phenomenological hybrid models

The only simple phenomenological model that correctly

predicts a distinct dip in the reststrahlen regfonall thick-
nessesincluding the infinite half-space of P$@ the C-MG
model. Still, the LLL model yields the shape of the HF

Alternatively, a hybrid dielectric function can be con-
structed using the C-MG mixing rule, E(), with porosity
feme to mix the LLL medium with porosityf, described
by Eg.(17). Now the total porosity is

fiota= femeT fLiL (1—feme) - (22)

Figure 7 shows that agreement for this LLL-in-CMG hybrid
model is again poor for thin PSC and somewhat better for
thick PSC films.f | =0.4 gives a good fit for PSC2 and

QLLL =0.15 gives a good fit for PSC3.

The LLL model describes an isotropic mixture whose
nstituent phases are not spatially correlated; i.e., the mix-
ture is completely randontthere is no interfacial surfage
The first CMG-in-LLL hybrid model physically consists of a
random LLL mixture of two media, each of which has an
imposed local spatial correlation by virtue of defining the
two constituents to bé&l) PSC, represented as air cavities
surrounded by bulk SiC with the C-MG form of the dielec-
tric function [Eq. (21)], and (2) air itself. The geometrical
arrangement of porggir) neither is completely fixed as dis-

shoulder of the LF band for thick PSC layers much bettergrete cavitiedC-MG) nor is the air mixed with the SiC in a

than the C-MG model. Thus, dielectric function models thatcomp|ete|y random Wa‘,LLL) A much h|gher volume frac-
include features of both of these models are considered. Onfyn (of air in the present cagean be used here than would

hybrid dielectric function model uses the LLL mixing rule,
Eq' (17)1

eeif( @) =[ (1~ o) fLiL + ecwal®, (20
to mix the C-MG medium écyc)
coma(@)= €sid 2 foma(1— €sic) T (1+ 2€si0) | (21)
cMe (1—feme) T (2+ feme) €sic
with air. The total porosity is
frotar= frie + feme(1—fril)- (22

If fiora IS known andf g (=fi) IS selectedf . is de-
termined. At the limits, the original C-MG model with a
topology of spherical cavities of air corresponds fiq

be rigorously valid for the C-MG model alone. The local
structure of the PSC in this hybrid model is represented by
small cavities of aifC-MG), while the longer-range struc-
ture is random(LLL). The second LLL-in-CMG hybrid
model consists of the random LLL media with discrete air
cavities(C-MG).

G. Statistical hybrid model using the Bergman representation

The generalized statistical formulation of the dielectric
function of a mixture developed by Bergntimas been ap-
plied extensively by Thei$éand others® The effective di-
electric function for a mixture of two materials having com-
plex, frequency-dependent dielectric functioag(w) and

eg(w) can be written as
f 1 g(n)
ot(w)—n

feﬁ((x))zfA(w)<1_fB dn), (23)

=0, and the LLL completely random mixture corresponds toyhere

feme=0.
Setting the measured porosity equalfig, and varying
feme, agreement of this CMG-in-LLL hybrid model is poor

en(w)

)= (o) —ea(@)

(24)
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FIG. 6. Modeled reflectance from PSC films on SiC substrates energy (em-)

using the phenomenological CMG-in-LLL hybrid model for se-  F|G. 7. Modeled reflectance from PSC films on SiC substrates

lected values of o for total porosityf=0.74, 0.74, and 0.5 cor-  sing the phenomenological LLL-in-CMG hybrid model for se-

responding to the three PSC films; the measured reflectance is dgscted values of oy for total porosityf =0.74, 0.74, and 0.5 cor-

noted by the solid lines. responding to the three PSC films; the measured reflectance is de-
noted by the solid lines.

is the reduced dielectric functiofiig is the volume fraction

of materialB, n is the depolarization factor, arg(n) is the  and, for statistically isotropic mixtures, the moment rule

spectral density function, which is also a function of the

porosity.g(n) is a single-valued, real function that depends 1

only on the topology and volume fraction, and has a well- J' ng(n)dn=(1-fg)/3. (26)

defined analytic form for the cases of the simple effective- 0

medium formulas. This function is subject to the condition of -, psc  sic will be called materig and air (vacuum

normalization(uniformity of the topology for a porous ma- ’

. materialB so thatfg is the porosity.
terial

Large resonances occur in E@3) when the real part of
L €. falls below zero so the integrand diverges, corresponding
J' g(nydn=1 (25) to values of B=t(w)=<1. This range corresponds to a region
0 of frequencies over which the dielectric function and the re-



PRB 61 USE OF HYBRID PHENOMENOLOGICAL AND . .. 10 445

2 T T T T T T T 7 : T | 3 1 T v T T T
1
Re[t(@)] [
----- Im [t I i i
[t o] i ': I \contribution from C-MG (spheres)
—_ |
3 : - -
E Yeell _ = contribution from LLL
— > -
E
) N
@ 4
-2 . 1 . L . L . . 0.0
600 700 800 900 1000 1100

n

E]
energy (€m
9y (em ) FIG. 9. Plot of hybrid spectral density(n) as a function of

FIG. 8. Real(solid line) and imaginary(dashed ling parts of ~ depolarization facton for linear mixing of the C-MG and LLL
reduced dielectric functiom(w) of SIC in air, demonstrating the Models with mixing parametet=0.5. The C-MG model compo-
spectral region over which the dielectric function is sensitive tonentis a Dirac function. The LLL model portion also has a Disac
topology. function component at=0.

flectance are expected to be sensitive to the topology. Figure The linear combination of these two relations heas the
8 plots the real and imaginary parts tf); it is seen that Only free parameter:
this resonance condition is met in the spectral region of the
reststrahlen band. Ghybrid M) = a@gcme(N) + (1—a)g  (n). (29

In principle, the topology functioy(n) could be deter-
mined numerically from the experimentally determingd.  This spectral densitgpy,id(n) automatically satisfies Eqs.
In practice, however, Eq23) is a Fredholm integral equa- (25) and (26) and is shown fore=0.5 in Fig. 9. Figure 10
tion of the first kind, ill posed, and therefore it is unstable shows the modeled reflectance with this Bergman model
upon inversion. This means that small errorsei corre-  (simulation denoted by the dashed lines and measured reflec-
spond to enormous errors in the determinatiorg@f). In-  tance by the solid lings This model agrees better with the
stead, a Monte Carlo-like algorithm has been applied to demeasured spectra than any other model considered. The op-
termine a uniqueg(n) that optimizes agreement with timum value ofa is 0.5 for PSC1, 0.5 for PSC2, and 0.7 for
experimental dat&® A different approach is followed here. PSC3. The variation in model simulation withis seen for
The spectral density functions of the simple phenomenologiPSC3 in Fig. 10, where results far=0.3, 0.5, and 0.7 are

cal models are combined to produce a hybrid statisticaplotted. Even thoughx=0.7 is optimal for PSC3x=0.5
model. In principle, this offers the possibility of combining still gives a relatively good fit.

the features of any number of phenomenological models into
the statistical theory to give a model with a direct physical ) )
interpretation. This approach can also be used to generate a H. Porosity depth gradients
reasonable initial guess for a more exact determination of Porosity changes with depth can occur during the fabrica-
g(n) by nonlinear regression; this is not done here. tion of porous layers from gradients in the ion concentration
The dielectric mixture of PSC is represented here by aver an increasingly thick porous layer, progressive chemical
linear combination of the LLL and C-MG spectral density etching of the upper portion of the porous layer, and the
functions. The LLL and C-MG models each predict differenttrapping of dissolved or undissolved gas inside the porous
features in the measured spectra. The normalized spectmagtwork (which may inhibit charge transfer locallyThe
densities characterizing the LLL and C-MG models areproblem of porosity gradients is potentially more severe in
respectively?® n-PSC formed by light-assisted anodization, usng=E,,
due to gradients in the absorption of the illumination." Tho
13 nissenet al?® have discussed the nature and origins of the
porosity gradients that are present in porous silicon, and have
given recipe¥’ for the real-time adjustment of the anodic
2/3 current to prevent or reduce these gradients. Porosity varia-
)(1—5%) (27 tions across the thickness of the PSC film can affect the
infrared reflectance and the determination of the mean-field
dielectric function. Porosity gradients were modeled here
and with an optical matrix approaéhusing the C-MG, Brugge-
man, and LLL effective-medium theories; these simulations
Jena= 3 n— _) 28) do not agree substantially better than those in which the po-
eMG ' rosity does not change with depth.

n—1

n

3V3
g =28, (n)+ E((l_f )2

n—1
+f(1-f )‘T
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100 - . - . T - y more than 0.3%, and has little effect on the analysis here.
PSC1 statistical hvbrid This loss increases with energy, from0.6% to 6% over the
t y range 1200 to 4000 cni[Fig. 1(b)].

V. DISCUSSION
A. Performance of the effective-medium models

None of the simple phenomenological models adequately
describes(1) the splitting of the reststrahlen band into a
broad primary peakLF band and a sharp HF peak, sepa-
rated by the dip, and2) the gradual slope of the high-
frequency shoulder of the LF band; the agreement is espe-
cially poor for the thin PSC layer. The C-MG and Monecke
models are the only ones that produce a somewhat symmet-
ric LF band and the dip for all thicknesses above O.2B
(for f=0.74), but they predict a fairly symmetrical LF band.
The LLL, and to a limited extent, the Bruggeman models
exhibit the gradual slope of the HF shoulder of the LF peak,
but these produce the HF peak only for very thin layers.

The MG model for a binary system is strictly valid in the
limit of a small concentration of one of the constituent ma-
terials, namely= 0.15" It is not rigorously correct to apply
any of the MG-based models for a wide range of porosities,
as was shown in Ref. 1, including the range here={.5
=<0.74. The S-MG geometry of separated spherical SiC par-
ticles corresponds to a physically impossible topology. The
inclusion of the effects of varying void shape did not result
in any substantial improvement of the modeled reflectance.
The inclusion of an additional surface layer with higher pho-
non damping in the CSM modification of the C-MG model
did lead to an improvement in the modeled reflectance, but
only with the freedom of two adjustable parameters.

The simpler LLL model fails to describe the splitting of
the reststrahlen band for moderate to large values of PSC
film thickness, but at least qualitatively predicts the asymme-
try of the LF band. This latter feature may be attributed to
the completely random, homogeneous, and isotropic nature
of this mixture. The LLL model is rigorously valid for all
values of volume fraction because it represents a mixture

reflectance (%)

reflectance (%)

reflectance (%)

] . ' . L . whose constituent materials are percolated at all volume frac-
600 700 800 900 1000 1100 tions
energy (cm™) Hybridization of the LLL and C-MG models whether phe-

nomenologically or directly statistically gives the best repre-
FIG. 10. Modeled reflectance from PSC films on SiC substrategentation of the dielectric function. Still, the statistical hybrid
using the Bergman statistical hybrid model with=0.5 (dashed s clearly superior to both phenomenological versions for all
lines) for the three PSC films; the measured reflectance is denoted, s studied. The statistical hybrid model spectral density
by the solid lines. For comparison, model fits f@e~=0.3 and 0.7 gives good initial values fog(n) from which even better
and are also shown for PSC3. spectral density functions can be determined.
One beneficial feature of the statistical theory is the ap-
Furthermore, a model of a porous layer on a bulk sub-plicability of the spectral density functiag(n) as a topology
strate should include the effects of roughness, particularly gunction of a given mixture from which other topologically
the porous-bulk interface. The roughness at the PSC/SIC irsensitive transport properties, including thermal conductiv-
terface decreases the specular reflectance by a factor if, frequency-dependent electrical conductivity, and diffu-
exd —(4mai\)?].?° o is the rms value of the roughness and  sivity, can be determined. In principle, analysis of nonde-
is the wavelength. This roughness is estimated to be netructive and noncontact infrarédr optica) reflection of a
larger than 50 nm on the basis of cross-section SEM. dielectric mixture film with a statistical effective dielectric
=50nm is used here, which is also consistent with publishedunction can provide not only an improved description of the
values for the porous Si/bulk Si interface with the same subtopology, but these other properties as well. Note that
strate doping type, similar doping concentrati8mnd simi-  Theis<? has shown that.¢ must be determined for a range
lar pore and crystallite sizéss used here. Within the rest- of conditions (porosity, topology, et$, whatever the
strahlen band, this roughness decreases the reflectance by effective-medium theory, to prove that the model is valid
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1000 —— T T Since the SiC network in PSC roughly resembles inter-
I ] connected prolate ellipsoids of a range of shapes and orien-
950 tations, the dip in the reststrahlen band in PSC can be attrib-

uted to a range of surface optical phonon modes. The
minimum of the dip is seen in the range 940 to 965 cm™.

The dip is asymmetric, changing more gradually at lower
energy and more sharply at higher energy near This is
consistent with a range of ellipsoidal geometries, as can be
seen for the specialized case of prolate spheroids in Fig. 11,
because the density of frequencies fromg to

ws (932-949cm?Y) is higher than that fromwg to

i w7 (932-794 cm?).

750 — . The spectral density spectrugin) in Eq. (23) has been

900

850

energy (cm™)

800

00 0.2 04 0.6 08 1.0 identified as being equivalent to the surface phonon mode
b/a spectrum'? This is seen in the close connection between the

FIG. 11. Fundamental mode frequencies for SIiC prolate sphe€S0nance condition in the statistical representation with the
roids as the ratio of the minor to major axib/&) varies from 0 reduced dielectric function(w) betweenn=0 and_ 1 and
(cylinder,L=0 and3}) to 1 (sphereL=3). the surface phonpn mode spectra. Npte that(E4). is iden-

2 3
tical to Eq.(30) with Eq. (31), whenL; is replaced by(w).
over the full range of parameter space; comparison of model Coupling of Sﬂgg‘ce phonons and plasm_ons has been seen
and experiment for only one sample is not sufficient. n na_nocrystal§. Howeyer, there is ew_dence that this
coupling may not occur in porous materfdldecause of
charge depletion in the porous skeleton. The plasmon term in
Eq. (1) does not seem to be important in most of the models

While the dielectric functions from the statistical model considered here.
implicitly include the mesoscopic phenomena that cause the Figure 3d) shows the C-MG model with aligned sphe-
splitting of the reststrahlen band in PSC, a more explicitroids of a specific polarization factor, and for a range of
identification of the phenomena is desired. Surface optica])0|ari2ati0n factors. This last curve is different from this
phonon modes in polar semiconductors are known to exist iffroposed explanation in that it assumes air cavities with
the reststrahlen region from wy (794cm?) to those cavities aligned in a specific direction. Note that Ref. 1
w (970cmY), where Re€)<0. These have been shown to suggested that the structure in the reststrahlen band can be
cause changes in the reststrahlen band of rough surfacedfributed to the polarization associated with an air cavity
such as onB-SiC layers®>32 Surface optical phonons have resonance at 959 cm
been observed in the Raman scattering from porous GaAs It is possible that the observed dip in the unpolarized re-
Ref. 23 and porous Ga}® and should also strongly affect the flectance may be due to the Berreman effédthe Berreman
IR spectrum of porous materials. effect is the observation of absorption in the reststrahlen

For SiC ellipsoids in air that are much smaller than aband in thep-polarized reflectance at oblique angles of inci-
wavelength of the probing light, the frequencies of these surdence for thin films of an ionic crystal with thickness less

B. Physical origin of the splitting of the reststrahlen band

face modes can often be expressetf as than a wavelength or for thin films on conducting substrates.
The Berreman effect was originally observed in thin, insulat-
esicw)=—ajegy. (30)  ing layers on metallic, highly conductive substrates, but has
been demonstrated recently in homoepitaxial 6H-SiC in
For the fundamentallowest-order modes which the carrier concentration in the epilayer is low com-
pared to that in the substrat&Since the observed dip in the
A reststrahlen band occurs even for very thick porous layers
aj= (L_J_ 1>’ (31) (~50 wm) and for near-normal incidence, it is not likely that

the Berreman effect is significant here.

wherel; are the three polarization factor§=<1,2,3) and

A=1 in Sl units and 4 in cgs units. For spheres, the modes ) _ _

have ;= (n+1)/n wheren=1,2,3 . . .is themode order. C. Comparison of the spectral density functions

The lowest-order mode is the Fich mode a;=2 (we of the hybrid models

=932 cm ! for SiC) and the higher-order modes converge to  Both the “phenomenological” and “statistical” hybrid
a,=1 (ws=949cm 1); the surface mode series convergesmodels have an adjustable parameter in addition to the po-
to wg for any crystal shape. The Hitich mode splits into  rosity f, i.e., fcyg (or f ) and a, respectively. The statis-
two modes as the sphere is deformed into a spheroid ( tical model seems fine for all the cases studied, while both
=L,#Ly); for prolate spheroids approaching a cylinder, hybrid phenomenological models are good for the thicker
these frequencies approaahy (794 cm’, L=0) andws films, but poor for the thin film.

(949 cm'!, L=1/2). This is seen in Fig. 11. Both modes are  The differences in how the media are mixed in these hy-
usually important in reflection. For oblate spheroids ap-brid models can be seen by comparing their spectral density
proaching a slab, these frequencies appraagli794 cmil,  functions. That for the “statistical” hybrid, shown in Fig. 9,
L=0) andw, (970 cm %, L=1). retains the percolation property of the LLL model with a
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[T i\/ n : T T ' ' ] now zero over stretches of tme=0 to 1 range, for example,
[ % o (@) CMG-in-LLL | from 0.13 to 0.73 forf,, =0.60, from 0.20 to 0.60 for

;“ . f L =0.40, and from 0.27 to 0.47 fdi, =0.20. Therefore
s ’%\ oo ——0.60/0.35 - this hybrid CMG-in-LLL “phenomenological” model may
Lo [ i -=---040/057 | not be ideal for porous materials.

'-.,:\.\ oor ---=--=0.20/0.68 The spectral density function of the LLL-in-CMG hybrid
= [ n ! i e 0.0/0.74 1 phenomenological model is qualitatively different. Figure
S F o 0/ 4 12(b) shows that the continuous naturegffn) of the LLL

""':" ] model, which is needed to describe the percolation feature of
: porous materials, is always seen here. This is reasonable
- Ve ] since the material phase is always continuous and is always
R 1 locally a medium described by the LLL model. The C-MG
. . X , ,—-1_::_::= ;; i Dirac & function feature monotonically broadens &gyc
0.0 0.2 0.4 0.6 0.8 1.0 decreases anf] |, increases for a fixe€y.
L) ki ' T 1
H b (b) LLL-in-CMG | VI. CONCLUSIONS
h ; ' The effective-medium model of PSC derived from a lin-
i b —0.4/0.17 N L :
K P = -0.15/0.41 | ear combination of the spectral_dlstrlbutlon functions for the
. ?\\:' meemee20.05/0.47 C_—MG gnd LLL phenpmenologlcal models Ieads.to spectra
~ fi PN '00/0‘50 simulations that are in very good agreement with the ob-
% K i ‘?\ 0.00/0. i served IR reflectance spectra of PSC films in the reststrahlen
i b band. It is superior to the phenomenological-based C
B | -MC/LLL hybrid models and is far superior to the simple
L phenomenological models. The splitting of the reststrahlen
band is PSG predicted by the statistical model is attributed to
e T~ a wide spectrum of surface optical phonons. This statistical
: : amee =l S treatment gives information about the topology in porous
0.0 0.2 0.4 0.6 0.8 10 materials and can help predict topologically sensitive trans-
n port properties.
FIG. 12. The spectral densitg(n) for () the CMG-in-LLL
hybrid, phenomenological model fof,,=0.74 and selected paired ACKNOWLEDGMENTS
values offcyg/fuuL and(b) the LLL-in-CMG hybrid, phenomeno- The authors gratefully acknowledge the assistance of Dr.
logical model for fi=0.50 and selected paired values of | s Avila of the Department of Chemistry at Columbia, and
fuc /fems- support from the Joint Services Electronics Progd®ER

) o under Contract No. DAA-G-55-97-1-0166, the MRSEC Pro-
continuous, nonzero spectrum g{(n) for all n; this is  gram of the National Science Foundation under Grant No.
equivalent to saying that it includes contributions from all pMR-9809687, and Kulite Semiconductor Products, Inc.,
possible surface phonon modésg. 11). This percolation | eonia, NJ.
property seems to make it suitable for representing porous

materialsl.z g(n) also has the Dira@ function of the C- APPENDIX: OPTICAL MODEL OF THE PSC /SiC
MG model. _ _ _ STRUCTURE
The spectral density functions for the phenomenological
hybrid models are determined by defini@(w) using Eq. The PSC layer is treated as an isotropic layer of thickness
(23) and the relatiot? d and complex index of refractionpsd w) (medium 2 be-
low the ambient layerr{=1) (medium 2 and on a semi-
€cif( @)= €p(w)[1—G(w)] (32)  infinite bulk substrate of Si@medium 3. The SiC is mod-
o eled as a uniaxial medium with its optical axis axis)
and then using it in oriented perpendicular to the PSC/bulk interfatieis uncer-

1 tain if PSC is less anisotropic than SiC. In any case, esti-
- : Sy o mates show that assuming PSC to be isotropic affects the
9(n) 271 f ot ;'TO[G(nH’B) G(n=ip)]. (33 spectral simulation very little.
The diagonalized dielectric tenseg; for SiC has two
Using Eq.(20) for eq in the CMG-in-LLL model gives a  unique nonzero elements;;= €, =n’ (parallel to the optic,
g(n) that is plotted in Fig. 1@) for several representative or ¢ axis, and perpendicular to the 0001 plarend e,
parameters, along with the pure LLL model. The mixing(zezz)zeuznf (parallel to the basal plahee, ande, are
defined by Eqs(20) and(21) seems to lead to an interference each expressed as Lorentzian oscillajdég. (1), with €.,
between the LLL and C-MG features g{n). g(n) retains  =6.52 ande.,;=6.70]%°
much of the C-MG Diradd function character and some, but ~ For a wave incident at an angtg, the reflection coeffi-
not all, of the LLL character. It asymptotically approachescients from this structure are calculated &aiperpendicular
g(n) for the LLL model asn approaches 0 and §(n) is  andp (paralle) polarizations,
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?125,p+723&pe‘5 At the PSC/SIC interface fos polarization (the ordinary

Tioxp= : (A1) wave,*

14T 196 o 235, p€'°
whereT 5 , andT 5, are the reflection coefficients for the
air-PSC and PSC-bulk SiC interfaces, respectively, and

~ 2
,8=T7T(2d\/:n§—sin2 7). (A2)
For p polarization(the extraordinary waye

The boundary conditions are the continuity of the tangential
components of th& andH fields at each interface.

At the air-PSC interface Fomr =
23p~

(N3ge—sir? 6;)?— (n? —sir? ¢,)*2

(N3 sir? 6,)Y2+ (n? —sir? 6,)¥2'

(A5)

M35~

2 , 12 2 2 : 12
NN, (Npsesir? 6;) Y= ngsd € nsc—sir? 6;)

NN, (NBge—Sir? 6;) Y2+ n2¢ €n3ge—sir? 6,)%?
 cost—(n—si? 6,12 1N (Npsc i psd €1Mpsc i (A8)
cosf;+ (Npg—Sirt 6;)

Substituting Eqs(A3) and (A5), or Egs.(A4) and (A6),
into Eq. (A1) gives the reflection coefficient. The reflectance
for the three-layer system Ryya p() =T 123 p(@)|%. The
== > - " (A4)  unpolarized reflectance is the average of the reflectance due
NpscCOSH; + (Npge—Sir’ 6;) to incidents andp components of equal intensity.

and

| NBscCost; — (Npscsin’ 6;) Y

F12p

IM. F. MacMillan, R. P. Devaty, W. J. Choyke, J. E. Spanier, D. *’I. Webman, J. Jortner, and M. H. Cohen, Phys. Red585712

Goldstein, and A. D. Kurtz, J. Appl. Phy80, 2412(1996. " (1977).
2J. E. Spanier, G. S. Cargill lll, I. P. Herman, S. Kim, D. R. ~M. I. J. Beale, J. D. Benjamin, M. J. Ulren, N. G. Chew, and A.
Goldstein, A. D. Kurtz, and B. Z. Weiss, ixdvances in Micro- G. Cullis, J. Cryst. Growtt73, 622(1985.

19R. W. Cohen, G. D. Cody, M. D. Coutts, and B. Abeles, Phys.
Rev. B8, 3689(1973.
G. A. Niklasson and C. G. Grangqvist, J. Appl. Ph#&, 3382

crystalline and Nanocrystalline Semiconductoeslited by R.
W. Collins, P. M. Fauchet, I. Shimizu, J.-C. Vial, T. Shimada, 5
and A. P. Alivisatos, MRS Symposia Proceedings No. #8a-

) ) : (1984.
terials Research Society, Pittsburgh, 199 491. 213. H. Weaver, R. W. Alexander, L. Teng, R. A. Mann, and R. J.
3 : : o
H. Mimura, T. Matsumoto, and Y. Kanemitsu, Appl. Phys. Lett.  gg| Phys. Status Solidi 20, 321 (1973.
65, 3350(1994). 22y Sasaki, Y. Nishina, M. Sato, and K. Okamura, Phys. Rev. B

4V. B. Shields, M. A. Ryan, R. M. Williams, M. G. Spencer, D. M. 40, 1762(1989.
Collins, and D. Zhang, in Silicon Carbide and Related Materials,?%l. M. Tiginyanu, G. Irmer, J. Monecke, A. Vogt, and H. L. Hart-
1995, edited by S. Nakashima, H. Matsunami, S. Yoshida, and nagel, Semicond. Sci. Technd2, 491(1997.
H. Harima, No. 142(Institute of Physics, London, 198610P 24, M. Tiginyanu, G. Irmer, J. Monecke, and H. L. Hartnagel,
Conf. Proc. Chap. 7, p. 1067. Phys. Rev. B55, 6739(1997).

5J. E. Spanier and I. P. Herman, Materials and Devices for ~J. Sturm, P. Grosse, and W. Theiss, Z. Phys. B: Condens. Matter
Silicon-based Optoelectronicedited by A. Polman, S. Cofta, 83 361(199). i )
and R. Soref, MRS Symposia Proceedings No. d4gaterials M. Thonissen, S. Billat, M. Krger, H. Luith, M. G. Berger, U.
Research Society, Pittsburgh, 1998. 317. - Frochtgr, and U. Rossow, J. Appl. Ehm 2990(_1996. )

6J. E. Spanier and I. P. Herman, J. Porous Matef.39 (2000. M. Thonissen, M. G. Berger, W. Theiss, S. Hilbrich, M. iger,

73. E. Spanier and I. P. Herm#anpublisheil R. Arens-Fischer, S. Billat, G. Lerondel, and H.thpin Ad-

8D. A. G. Bruggeman, Ann. Phy$Leipzig) 24, 636 (1935, vances in Microcrystalline and Nanocrystalline Semiconductors

9 . . . (Ref. 2, p. 431.
L. D. Landau and E. M. LifshitzElectrodynamcis of Continuous g L .
Media 2nd ed.(Butterworth-Heinenann, Oxford, 1984, 42. M. Born and E. Wolf,Principles of Optics 6th ed.(Pergamon,

04, L Physi terdam 31, 401 (196 Oxford, 1980.
- Looyenga, PhysicéAmsterdan 31, (1965. 2%H. E. Bennett and J. O. Porteus, J. Opt. Soc. Afi).123(1961).

11 : : : Ppp—
|. Mihalcescu, G. Lerondel, and R. Romestain, Thin Solid F|ImS3oG_ Lerondel, R. Romestain, and S. Barret, J. Appl. Pis 6171

297, 245(1997). (1997

12 ; ; ’ ..
W. Thelss_, Adv. Solid Stgte Phy83, 149(1994. 31y, Hopfe, W. Grélert, K. Brennfleck, E. H. Korte, and W.

13w. G. spitzer, D. A. Kleinman, and D. Walsh, Phys. Ré&t3 Theiss, Fresenius J. Anal. CheB#6, 99 (1993.

127 (1959. 32R. T. Holm, P. H. Klein, and P. E. R. Nordquist, Jr., J. Appl.
143, C. Maxwell Garnett, Philos. Trans. R. Soc. London, Se208, Phys.60, 1479(1986.

385 (1904. 33R. Ruppin, Surf. Sci35, 20 (1973.
153. Monecke, J. Phys.: Condens. MaigB07(1994); Phys. Status  3*K. H. Reider, M. Ishigame, and L. Genzel, Phys. Re\6,804

Solidi B 155, 437(1989; 154, 805(1989. (1972.

16p. J. Bergman, Phys. Rep., Phys. Let8C, 377 (1977). 35R. Ruppin and J. Nahum, J. Phys. Chem. Sclifls1311(1974.



10 450 JONATHAN E. SPANIER AND IRVING P. HERMAN PRB 61

36K, Yamamoto, K. Kimura, M. Ueda, H. Kasahara, and T. Okada, Status Solidi B208, R3 (1998.
J. Phys. C18, 2361(1985. 39_. Patrick and W. Choyke, Phys. Rev.B 2255(1970.
37D. W. Berreman, Phys. Re30, 2193(1963. 4OL. P. Mosteller, Jr., and F. Wooten, J. Opt. Soc. AB8, 511

383, Zollner, J. P. Carrejo, T. E. Tiewald, and J. A. Woollam, Phys.  (1968.



