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Optical properties of bulk and thin-film SrTiO 5 on Si and Pt
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(Received 17 January 2000; accepted 5 April 2000

We have studied the optical propertiemmplex dielectric functionof bulk SrTiO; and thin films

on Si and Pt using spectroscopic ellipsometry over a very broad spectral range, starting at 0.03 eV
[using Fourier transform infraredTIR) ellipsometry to 8.7 eV. In the bulk crystals, we analyze

the interband transitions in the spectra to determine the critical-point parameters. To interpret these
transitions, we performed band structure calculations basedh amtio pseudopotentials within the
local-density approximation. The dielectric function was also calculated within this framework and
compared with our ellipsometry data. In the FTIR ellipsometry data, we notice a strong lattice
absorption peak due to oxygen-related vibrations. Two longitudinal ¢p@} phonons were also
identified. In SrTiQ films on Si, the refractive index below the band gap decreases with decreasing
thickness because of the increasing influence of the amorphous interfacial layer between the SrTiO
film and the Si substrate. There is also a decrease in amplitude and an increase in broadening of the
critical points with decreasing thickness. In Srgi®ms on Pt, there is a strong correlation between

the crystallinity and texture of the filmémostly aligned with the Pt pseudosubstjated the
magnitude of the refractive index, the Urbach tail below the bulk band edge, and the critical-point
parameters. FTIR reflectance measurements of SrarOPt (reflection—absorption spectroscopy
show absorption peaks at the LO phonon energies, a typical manifestation of the Berreman effect for
thin insulating films on a metal. The Urbach tail in our ellipsomety data and the broadening of the
optical phonons in SrTiQon Pt are most likely caused by oxygen vacancy clusters.2080
American Vacuum Societ)S0734-211X00)00904-5

[. INTRODUCTION band structure calculations based on the local density ap-

Oxides with perovskite crystal structure, such as SgJiO pr(_)xim_ation using a plane wave ba.SiS set, we iden_ti_fy critical
are important candidates for ultrathin gate dielectrics or caPOINts in the spectra due to optical interband transitions from
pacitors(replacing SiQ and silicon nitrides in microelec- the (primarily) O_(2p) valgnce_band to_the_T|(d$ conduc-
tronics because of their large dc dielectric constant, ofion band at various regions In th(_e Brllloum_ zone. We also
permittivity,! e,. SrTiO; can be grown epitaxially on Si study the lattice vibrations of SrTiby Fourier transform

(00D, with its unit cell rotated by 45° with respect to the (FTIR) ellipsometry.

underlying Si substrate, resulting in a lattice mismatch of Aﬁ?r the cqmpleftgr]rof .Thls initial steps,.Vée dlﬁlcussdthe
only 1.7%. Equivalent gate oxide thicknesses on the order ngtlca properties of SrTig ms grown on i ec. ) an
t (Sec. IV). We compare with data for SrTigOfilms on

10 A with low leakage currents have been achie¥&d. ) ; :
When SrTiQ is deposited directly on Si, an amorphous non-MgO grown by molecglar be_am ep!taXMBE). _In particu-
lar, we correlate the dielectric functions of SrEifdims with

stoichiometric interfacial layet10—30 A thick is usually _ ; I
hL§tructural properties, such as thickness and stoichiometry,

formed during the later stages of growth, except when t . o . S
SITIO; film is very thin?® This is undesirable, since it re- crystal quality, grain size and texture in polycrystalline films,
y 0:;md 0Xygen vacancies.

duces the specific capacitance. Optical tools like spectr
scopic ellipsometry can easily be adapted for in-lineiror
situ diagnostics of SrTiQon Si, therefore understanding the
optical properties of such thin films is important.
Whenever we are interested in the properties of thin films|l. OPTICAL PROPERTIES OF BULK SrTiO ,
it is usually a good idea to start with studying the bulk, both
theoretically and experimentalligee Sec. )l Following Jel-
lison et al,” we measured the dielectric functianof bulk Two bulk SrTiO; crystals, (100) oriented and 1810
SrTiO; from 0.03 to 8.7 eV. In comparison withb initio X 0.5mm in size, were obtained commercially from Prince-
ton Scientific Corporation. One piece was polished on both
dCorresponding author; electronic mail: Stefan.Zollner@motorola.com  sides(for transmission measurementthe other one on only

A. Experimental procedure and results
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2243 Zollner et al.: Optical properties of bulk and thin-film SITIO 2243

one side(for reflection ellipsometry We followed the pro-

cedure of Jellison and co-workétte determine the dielectric T T o iiliv!-"- A ]
function e of SrTiO; from 0.74 to 8.7 eV. 10[ bulk 1 ' 31
The ellipsometric angleg andA were acquired from 0.74 i SrTi03 c-2F 3
to 6.6 eV in 0.01 eV steps at three angles of incidet&s, [ > afb _ ]
70°, and 75F on a Woollam VASE ellipsometer with vertical 8 N 4k 17
sample mounting. Our rotating-analyzer instrument uses a L e

computer-controlled Mgf-Berek waveplate as a compensa- 30 34 32 3.3 34

A
tor to improve the accuracy of the ellipsometric angles, par- § 6 Energy (6V) |
ticularly below the onset of direct absorptidat about 3.5 2 | ]
eV). Tests on standard samples, such as a Si substrate, indi-Q [ 1
cate that the accuracy of our commercial instrument ap- 4 r

proaches or exceeds that of Jellison’s two-channel polariza-
tion modulation ellipsometé? but exceeds its spectral
range(1.48-5.3 eV. For an insulator near the band gap with 2+
€, on the order of 5-10, absorption coefficients of 2000
cm ! and higher can be measured.

We also acquired the ellipsometric angles from 4.25 to 0 T P T SRR
8.7 eV in 0.025 eV steps on the prototype of a commercial 1 2 3 4 5 6 7 8
vacuum-ultraviolet (VUV) ellipsometer. This rotating- Energy (eV)

analyzer mstru_ment IS als.o equipped .Wlth a M_Ig:lémpen- Fic. 1. Pseudodielectric function of bulk SrTj@neasured using our two
sator. The entire system is purged with dry nitrogen gas t%llipsometers to cover the 0.74-8.7 eV photon-energy rddgtted. The
avoid oxygen and water absorption bands and has a fixe#lset shows the logarithm of the measured transmission near the band gap
angle of incidence of 75.08°. Light from a deuterium lamp (dotted. The solid lines show the dat(_al Falculated l-,ISi‘I’lg a model assu_ming a
passes through a double-chamber Czerny—Turner typ%”f";‘_fe r."“gh”‘jsi"f 24Aa’:0_' desc_rl'lb'tng thedzi?ﬁi'lc)a' constants using
monochromator to provide wavelength selection and strayétgr ereingerohs barametric osciiator mofest. 23 with the param-
light rejection. A 0.5 nm bandwidt25 meV at 8 ey was
achieved by reducing the monochromator slit widths to en-
sure adequate spectral resolution for the optical features. lear that Fig. 1 does not display tiveie dielectric function
photomultiplier tube is used for signal detection. e of the sample. To determine of SrTiO;, we simulta-
The deep-UV range above 4 eV is particularly importantneously fit all three data sets in Fig. 1 using a three-phase
for large band-gap materials, such as SiJi® reveal the model(substrate/roughness/ambierithe roughness layer is
critical points in the spectra, which are related to the qualitydescribed within the Bruggeman effective medium theory
and composition of the sample. Our experimental data frongontaining two phases: one with optical properties equal to
both instruments are displaygds a pseudodielectric func- the substrat¢50% volume fractiop the other with optical
tion) by the dotted line in Fig. 1. properties equal to the ambieht’ The optical constants of
We also measured the transmission of the two-side polthe SrTiQ; substrate are parametrized using the Herzinger—
ished sample in the 1.0-3.4 eV spectral range, using thdohs oscillator modéf: For the transmission measurement,
same VASE ellipsometer in the straight-through configurawe also allow roughness on the back surface of the sample.
tion at normal incidence. The spectral characteristics of th&Ve vary all parameteréhose of the oscillator model and the
optical elementgXe lamp, monochromator, and detegtor roughness layer thicknesgasmtil the discrepancy between
were taken into account by measuring with and withoutthe model and the data is minimized. The resulting pseudodi-
sample and then normalizing the two spectra. We can mealectric function and transmission curve are shown by the
sure absorption coefficients between 3 and 150 cmith solid lines in Fig. 1. We find a roughness layer thickness of
the 0.5 mm thick two-side polished sample, corresponding t@4 A from the ellipsometry spectrum, similar to that of the
transmissions(uncorrected for reflection lossedetween sample used in Ref. 20 A). The transmission spectrum is
90% and 0.05%, limited by the dynamic range of the Sinot sensitive to the roughness thicknesses. We set them equal
photodiode used as the detector. The logarithm of the trango 24 A. The parameters of the Herzinger—Johs oscillator
mission near the band gap is shown as an inset in Fig. Mmodel obtained from the fit are given in Table I.
(dotted ling. The agreement between our modsblid) and the data
(dotted is excellent(see Fig. 1L There is some difference
near the critical pointgpeaks in the spectrabut it is barely
visible. Once we have determined the surface roughness
It is obvious from Fig. 1 that the imaginary part of the layer thicknesses, we can directly invert our experimental
pseudodielectric function(€,)) is positive below the band data and finde as a function of photon energy without the
gap of SrTiQ (around 3.2 eV, where the sample is trans- need to assume a particular functional form for the disper-
parent(see inset We call this a pseudoabsorption and at-sion of e. In Fig. 2, we plot the absorption coefficieat
tribute it to the surface roughness of the sanfplieis thus  determined using this wavelength-by-wavelength fit. There is

s given in Table I.

B. Optical constants

JVST B - Microelectronics and Nanometer Structures



2244 Zollner et al.: Optical properties of bulk and thin-film SITIO 2244

TasLE |. Parameters of bulk SrTiOfor the Herzinger—Johs parametric oscillator model. The first column
enumerates the oscillators, the second and third column give the I&k¢rand upper(EU) cutoff of the
oscillator with energy EC, amplitudd, and broadening:.. The remaining columns list the so-called shape
parameters describing the lowdr)(and upper () flanks of the critical points. See Ref. 11 for a detailed
description of the parameters.

No. EL EU EC A S DISC  Lpos Lamp  Lag Ups Uamp  Usg
0 0 1 3323 0 50 0 05 05 0 05 05 0
1 0 2 3750 0253 59 0.015 0.284 0.657-0.141 0.075 0.086  0.982
2 1 3 4174 11518 261 —0.713 0.125 0.017 -1 0.656 0.653  0.729
3 1 4 4730 9076 120  0.031 0.243 0.33:0.308 0.195 0.221 —0.189
4 3 6 6275 5664 141  0.076 0.299 0.429-0.629 0.697 0.312 —0.866
5 4 6 8424 1932 306 0662 0540 0.343 1 0366 0 -1

6 6 6 11 167.313 0 0 05 05 0 05 05 0

a gap in our data between 3.25 and 3.37 eV, sinbetween direct gap with an energy of about 3.1-3.2 eV, but we can-
150 and 2000 cm cannot be measured on bulk samplesnot determine it accurately from room-temperature data.
with our setup. Films thinner than 0.5 mm would be neededPlotting «? in the 3.3—3.6 eV photon-energy range yields a
for such measurements. We partially fill this gap with datareasonably straight line which crosses the energy axis at
by Sata and co-workerg,obtained using transmission mea- roughly 3.4 eV. We thus conclude that there is a direct gap
surements on thin platelets with a thickness between 60 andith an energy of about 3.4 eV, just above the indirect gap at
200 um. The inset of Fig. 2 showga near 3.2 eV. about 3.2 eV, which is in good agreement with earlier
According to Cardon&® SrTiO; has an indirect band gap data®>®
of about 3.2 eV. This is clearly reflected by the onset of In Fig. 3, we show the dielectric function of bulk Sr§O
absorption in our data in Fig. 2. A direct gap would lead to afrom 0.74 to 8.7 eV(solid lines calculated from the para-
much faster increase of the absorption; see, for example, Fignetric oscillator model used to fit the experimental data in
6.15 in Ref. 14 for InSb. Plotting:? near 3.2 eV also does Fig. 1. A wavelength-by-wavelength fit would result in data
not lead to a straight line expected for a direct gap. Accordnot distinguishable from those in Fig. 3. The agreement with
ing to Yu and Cardoni4 (Figs. 6.17—19 plotting Ja versus  the data of Jellison and co-workéis the range of overlap
photon energy should result in a stepwise linear behavio(1.5-5.3 eV is excellent. The symbols show the data tabu-
related to the various phonons contributing to indirect abdated by Gervais/ which were compiled from various
sorption. This is not observed in our room-temperature dataources. The data between 0.9 and 3.0(k&low the gap
for SrTiO; possible because of the complicated crystal
structure with many phonon modes, some of which are quite

low in energy. Nevertheless, we believe that there is an in- T
[ o+ Gervais — bulk, this work
L o\ e Jellison, bulk |
108 ¢ —r — — 10 ]
o5 [ Dk this work | ol -
I SrTiO, > Sata et al.} I ]
:: - 10 ; . , c : :
S 104 L of L 2 6L ]
S io8t 17 & ]
F F el S ! '
o 108 £ et 13 - .
° : s 55 . 4 A

o i I 4 o* 1] -
= A 3 .o. 1 o B
8'102§_ : 2 ¢e°® 17 2 —
o} 3 : E ]

@ : : 1 : ‘ 3
g i H 310 315 320 3.251 .
10" ¢ i Energy (eV) E o b A ]
""‘"’.J 0 1 2 3 4 5 6 7 8
3 4 6 Energy (eV)
Energy (eV)

Fic. 3. Dielectric function of bulk SrTiQobtained in this work'solid) and
Fic. 2. Semilogarithmic plot of the absorption coefficientvs photon en-  in Ref. 7 (dotted using spectroscopic ellipsometry. Below 0.7 eV, the data
ergy for bulk SrTiQ. The inset shows/a (in units of cn %9 in the region were obtained using FTIR ellipsometr§gSymbolg Data from other tech-
of the indirect gagabout 3.2 eV. The gap in our daté®) is partially filled niques(Ref. 17). For comparison, the dashed line shows the dielectric func-
by the transmission data of Sata and co-work&wsf. 12 (A). tion of SrTiO; on MgO grown by MBE(Ref. 7).
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were determined by Cardotfausing the minimum-deviation ' ' ' T R W

prism method, which is the most accurate technique to de- 50

terminee, for a transparent material. Cardona’s data are no

more than 0.5% higher than those of Ref. 7 and no more that

0.7% larger than ours. Below 0.9 eV, Gervais lists his own o

data® obtained by fitting the infrared spectral region near the %

lattice absorption using a factorized dielectric response, re: :;— -50

sulting in e; values slightly lower than measured by us. “g

Above the indirect gap, Gervais’ data are based on UV re- 444

flectivity measurements from 2 to 30 eV combined with a

Kramers—Kronig transforift These data are not compatible

with ours at all, although there is some resemblance near th ~ ~150

critical points. The whole spectrum seems to be shifted to- 150

ward lower energies and the resolution of the monochro-

mator also may be a problem. The agreement gets bette

above 6.5 eV. 100
Simple numerical models are often used for metrology

TT T T

2

LI S B S S B B B R B B B B

sl e by e a g b

LENL S B B B S B S |

BTG YU N N U S S T Y B Y O |

N
purpose¥ to determine thicknesses of layefeere SrTiQ) % 50
on a substrate, such as Si or Pt. A Cauchy model 3\,
) =ng+ L4 N2 1 B o
() =no+ 37+ 13 (1)
works well in the transparent range below 3 é¥13 nm -50
with the parametersn,=2.281, n;=0.03A 2, and n, ;
=0.0045 A4, A single Lorentz oscillator model -100 e
3.5 4.0 4.5 5.0
Energy (eV)
e(E)=em+—E2_E2_iFE 2
9 Fic. 4. Second derivative o& vs photon energy in the range of critical

can be used from 0.74 to 3.4 eV with the parameters points (symbolg. The lines show the best fit to analytical line shapes with

_ . - parameters given in Table Il. The derivatives were calculated using the
=3.077, amplitude A=41.874 e\?' band  gap Eg Savitzky—Golay algorithm with 20 point&n 5 meV stepsand fourth-order

=4.466 eV, and broadening=0. Jellison’s Tauc—Lorentz polynomials.

modef® with a single Lorentz oscillator broadened by an

Urbach taif* like in amorphous semiconductors can even be

used up to 3.5 eV with the following parameters, )

—1.668, amplitudeA=230eV, broadeningC=1.985eV, spgctra, Wh!Ch removes the non.re.spnant backgrpund qnd am-
Tauc gapE,=3.288¢eV, and Lorentz oscillator enerd, plifies the smgulgrltles.. In the wcwpty of the critical points,
—4.479eV. We note that these parameters are not uniqué/® Used a two-dimensional analytical line sifdpe

They usually depend strongly on the spectral range to fit the ) _

data. Also, they usually carry little physical meaning. No €(i@)=Aexpig)in(io—Ey+il'), )
constraints(for example, fore..) were applied when fitting
these parameters to the measured pseudodielectric functi
but the roughness layé24 A) was taken into account. Due .
to the complex critical-point structure of SrTiCsee below pole matrix elements, to describe our data. The critical-point

using these simple models at higher energies than specifisﬁfgg?ee;ﬁlrsrafnéhg arrgpslgug: I;]%Ieesrlerirt?iﬁ Q?nfg ,-l;[)rc])fi
here leads to poor results. gt P 9 9 y-body

effects and interactions of several critical points fitted with
one line shape.

For our critical-point analysis, we acquired data from 2 to
6.6 eV in 0.005 eV steps at a single angle of incidef¥®)

We have already mentioned that SrEi@as an indirect without using the compensator, averaging over 400 analyzer
gap at about 3.2 eV and a direct gap of about 3.4 eV. Irtycles per data point to reduce the noise. Then, we deter-
addition, there are several other structures in the dielectrimined e in a wavelength-by-wavelength fit using the known
function at about 3.8, 4.3, 4.8, 6.2, and 8.5 eV. These are varoughness layer thickne$g84 A). The derivatives were cal-
Hove singularities, also known as critical points, related toculated using the Savitzky—Golay algorithm. Next, we deter-
optical interband transitions from the highest valence bandmined the critical-point parameters in comparison with the
to the lowest conduction bands at various regions in the Brilanalytical line shapes in E43) using a least-squares mini-
louin zone'* To study these critical points in more detail, it mization with the Marquardt—Levenberg algoritRfOur
is customary to calculate the second derivatives of ¢he results are shown in Fig. 4 and Table Il. Above the lowest

l‘ﬁased on an effective mass approximation for the band struc-
ture (with several valleysand constantk independentdi-

C. Critical points

JVST B - Microelectronics and Nanometer Structures
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TasLE Il. Critical-point parametergenergyE, , amplitudeA, broadeningd’,

and phase angle) determined by fitting the data in Fig. 4 to the two- 164 u
dimensional analytical line shapes in Eg). The 90% confidence limits are
in parentheses. A tentative assignment based on band structure calculations y
is given in the last column. /
14- /
Eqy r A ¢ Theory
(eV) (eV) D °) (eV) Assignment
E; 3.2 N/A N/A N/A 3.19 I'-R 12
E, 3.3553) 0.0583) 1.135 1135) 3.55 r
3.7781) 0.1041) 17.177) 146(1) Ti(3d) N /
4.2912) 0.1772) 11.11) 3201) 4.1,4.4 XorD 9 ?
47601) 0.1501) 15.91) 2541) 5.4 X 10- _
6.15 0.15 N/A N/A 6.8 M E}
7-9 N/A N/A N/A Sr(5d) andsp* o
rﬁ 8

indirect (3.2 eV) and direct(3.4 eV) band gaps, we find
higher gaps at about 3.8, 4.3, and 4.8 eV. At even higher G_Y

energies, there are structures at 6.2 and 7-9 eV, which could
not be fitted due to limitations of our software. The broad-

f

- NN
1N AL

VNS

enings of our critical points are between 60 and 180 meV, 4.
not unreasonable for a crystalline material in comparison
with Si# Y
2 BN
D. Comparison with theory G x M G R X R M

The most difficult task in analyzing the dielectric function
_Of amaterial is the aSSignmem of the critical pOihtS t9 OpticaIFlG. 6. Band structure of SrTiQalong some high-symmetry directions cal-
interband transitions at certain points of the Brillouin zone.culated using pseudopotentials with a plane-wave basis set within the LDA.
Usually, this is done in comparison with band structure cal-The horizontal line shows the top of the valence band.
culations. We have therefore calculated the electronic struc-
ture of SrTiG within the local-density approximatiai.DA )
using a plane-wave basis set. We used a commercial pseud@cated at the origin(illed), the Sr atom at the corners
potential code(CASTER, employing a plane-wave energy (shadedi and the three oxygen atom@vhite, all three
cutoff of 900 eV, ultrasoft pseudopotentidfsand k-space ~ equivalent, i.e., related by lattice symmetry operafjiaishe
integrations with 40 special points. In general, the goodcenters of the cube faces. The space groWyisThe Ti and
agreement of the early calculations by Matth&lssith our ~ St sites have the fulD, symmetry, whereas the site symme-
results is remarkable. Similar calculations, focusing less offy of oxygen isDyy,, that of the face centéf. The Brillouin
the optical properties, were also performed using firstzone (BZ) for this lattice is shown in Fig. ®). The elec-
principles pseudopotentidfsand with the linear-muffin-tin-  tronic energies at some high-symmetry directions of the BZ
orbitals method” are shown in Fig. 6. In thisuncorrectegiband structure, the
The crystal structuf@ of SrTiO; consists of a simple cu- indirect band gap is only 1.8 eV, less than the experimental
bic Bravais lattice with a lattice constant a=3.905A and band gap of 3.2 eV. This is commonly found in LDA calcu-
one molecular unit per ceflsee Fig. 5a)]. The Ti atom is lations. Table Il shows the energies at points of high sym-
metry. In this table, all conduction band energies were
shifted by 1.4 eV to reproduce the experimental band gap.
Z Our calculation includes the Ti€} (band 1,—55.5 eV in
? our calculation,—62 eV in photoemissidf), Sr(4s) and
Ti(3p) (bands 2—5;-32.1 eV in our calculation;-37 eV in
photoemissiof?), O(2s) (bands 6—8-16 eV in our calcu-
A lation, —22 eV in photoemissionand Sr(4) (bands 9-11,
- —y —14 eV in our calculation~20 eV in photoemissioncore
T Zr M states, but these bands are at least 14 eV below the valence
! band maximum and therefore not given in Fig. 6 and Table
Ill. The top nine valence bandd2-2Q are primarily of
0O(2p) character(We do not find much charge near the Ti
Fic. 5. (a) Unit cell for the perovskite compound SrTiOTi is filled, Sr is atoms) They have a bandwidth (.)f S_llghtly less than 5 e.V’ n
shaded, and O is whiteb) Brillouin zone for the simple cubic Bravis 900d agreement with photoemission restit€? The spin-
lattice. orbit splitting of the O(2) valence bands is very small.

D
vl
[T, 3% S
S
e }

J. Vac. Sci. Technol. B, Vol. 18, No. 4, Jul /Aug 2000
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TasLE Ill. Calculated energy levels at high-symmetry points. Valence Hgom), conduction bandbottom).

The conduction bands were shifted by 1.4 eV to overcome the LDA band gap problem. For degenerate states,
the energy is only given for the state with the lowest band indiest columr). The symmetry notations were

taken from Ref. 25. The last line shows the symmetry ofkipmint (Ref. 33.

Band r X M R
12 s —2.85 X1 —4.36 M, —4.74 R, —-4.70
13 Xs —2.88 M, —4.57 Ri» -4.19
15 Iy -1.19 Xgr —2.53 Msg —-2.92 Ros/ —3.78
16 Xs —2.40
17 M —1.74
18 I'is —0.36 X —2.04 M5, —-1.58 Ris 0
19 Xs/ —0.74
20 M, —0.09
21 s 3.19 X3 3.37 Mg 5.19 Ross 5.88
23 Mg 5.65
24 | PP 5.79 X, 5.81 M, 6.77 Ris 8.28
25 X3 7.80 M, 9.26
26 'y 6.66 Xar 8.61 M, 9.61
27 Xgr 8.71 My 9.85 Ri» 9.85
28 r, 7.39 X 9.38 Mg 10.96
29 9.76 10.81 Riy 11.11
30 11.51 M, 11.65

Oy, Dan Dan On

The lowest three conduction bandsands 21-2Bare  orbit splitting of about 38 meV, which leads to light, heavy,
made up of Ti(8!) bands. They have a bandwidth of 2.7 eV. and split-off electron bands &t(see Mattheiss). This split-
The other two Ti(8) bands usually follow next at higher ting is less than the linewidths of our critical points, therefore
energies, but they mix with Sr¢f states and antibonding the use of a nonrelativistic band structure calculation is jus-
Ti, Sr, and Os andp orbitals at some points in the Brillouin tified.
zone to form the higher conduction bands. See also the The band structure of SrTiran be integrated to obtain
augmented-plane-wave calculations of Matth@issingad  the dielectric function, including the matrix elements of the
hoc potentials for a similar discussion. dipole operator based on our calculated wave functtéis

We conclude that the lowest critical points observed innoted before, the conduction band energies were shifted by
our optical spectra are primarily due to transitions from thel.4 eV to correct the LDA band gap error. We also added a
O(2p) valence bands to the Tiff} conduction bands. broadening of 0.2 eV to the calculated spectrum to account
Therefore, oxygen or titanium vacancies will reduce the amfor the finite lifetime of the valence and conduction band
plitude of the peaks and the refractive index below the bandtates. The result of this calculation is shown by the solid
gap much more than strontium vacancies. This will be im-line in Fig. 7 in comparison with the experimental dadat-
portant for the discussion of data on thin films. Interbandted). Given the simple nature of our calculation, which ig-
transitions from the O(R) states to the Sr(®) states and the nores electron—hole interactions and describes the Ti and Sr
sp-antibonding orbitals start at 7 eV, where they give rise tod orbitals with plane wavegéwithout taking into account the
a broad hump in our VUV ellipsometry data. interaction between thsp continuum and localized staes

It can be seen from Fig. 6 and Table Il that the valencethe agreement is reasonable. After correcting the conduction
band maximum is located at ttepoint, i.e., at the corner of band energies through a rigid shift, the onset of absorption
the cubic BZ. The lowest conduction band state is located aind the peak at 4.2 eV are reproduced very well. The peaks
the zone centel’, which gives rise to an indirect band gap. in the measured, at 4.8 and 6.2 eV are also present in the
There is a second local valence band maximunt anly  calculation, but blueshifted by 0.5-1 eV. Finally, the calcu-
0.36 eV lower, which introduces a direct band edgE atith lation correctly finds a minimum of, near 7 eV and a peak
an energy of 3.55 eV, in good agreement with the experiat 8.5 eV due to Sr-related states. All peaks except those at
mentally observed direct gap at 3.4 eV. the highest energiesvhere the lifetime broadening may be

Our calculations find the conduction-band minimund“at larger than 0.2 eYhave approximately the correct magni-
but theX valley, favored as the global minimum in the early tude. e; can be ignored in this discussion, since it is related
literature®>2°-32js only slightly (0.18 eV} higher. The sym- to e, by Kramers—Kronig transforri.
metry of the conduction band minimumlais similar to that At high-symmetry points, group thed¥ycan be used to
of the valence band maximum in Si. There is a small spin-determine if transitions between particular valence and con-

duction band states are allowed or forbidden. AthendR

JVST B - Microelectronics and  Nanometer Structures points, the little group of thé vector isOy,, therefore the
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TasLE V. Selection rules for optical dipole transitions at fileandX points
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Table Il are forbidden by parity. Only transitions from the
valence bands 17-1®M,, ,M5 symmetry are allowed.

Based on these group-theoretical considerations and by
E considering only the contributions from high-symmetry
T T3 points, we assign the origin of the critical points given by the
last column in Table Il. This ignores contributions from
lines, areas, and volumes with lower symmetry, which are
included in the calculation of in Fig. 7.
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E. Lattice dynamics of bulk SITiO 5

To study the lattice dynamics of bulk SrTiOwe mea-
sured the ellipsometric angles from 250 to 7450 ¢m
(0.031-924 meVYat four angles of incidencg0°, 65°, 70°,
and 759 using a commercial rotating-compensator FTIR el-
lipsometer described elsewhéfeOur discussion follows
L - that of similar measurements performed by Haei®” but
o 1 2 3 4 5 6 7 8 9 10 covers a larger spectral range. At 0.8 eV, our FTIR measure-

Energy (eV) ments yielde; =5.25, in good agreement with measurements
Fic. 7. Dielectric function of SrTiQ calculated from the LDA band struc- on the near_.lR/Vl.Slble/UV Ir.]s.trument of 523 at 0.8 eV, see
ture in Fig. 6(solid) in comparison with the experimental data from Fig. 3 above. <62> IS S“ghtly positive (0.1) because of Sur_face
(dotted. The conduction bands were shifted by 1.4 eV to overcome thefoughness. At 0.2 eVe; drops to 4.0 because of the influ-
LDA band gap problem and a lifetime broadening of 0.2 eV was added. ence of the lattice vibrations, bt is still very close to 0.
See the low-energy region of Fig. 3.

The ellipsometric anglegy and A in the region of the
selection rules given by Bassani and co-workefer the  oxygen lattice vibrationgfrom 250 to 1000 cm?), taken at
diamond structure can be applied. Of the possible interbanfbur different angles of incidence, are shown in Figy8s
transitions in Table Ill, only"5s—T'{ is forbidden, the others close to 45° over most of this range except for a drop near
atT are allowed. At theR point, many more transitions are 500 cm %, where the oxygen-related transverse opti@4D)
forbidden. It is worth noting that all transitions from the phonon is located By the same tokenA drops from large
O(2p) valence bands to the loweRps conduction bandTi values at 250 cm' to small values at 1000 cm except for
related are forbidden. This eliminates contributions &0 a derivative-like structure near 500 chdue to the same
from theR point in our spectral range. lattice vibrations. To discuss these data, we express our el-

At the X point, there is a difference between the diamondlipsometric angles as a pseudodielectric functiamich is
and perovskitgsimple cubig selection rules caused by the close to the dielectric functior for this bulk sample with
absence of nonprimitive translations in SrEjQvhich make  very little surface roughnegsThese data are shown in Fig. 9
all states at X doubly degenerate in the diamond (top). Since there is no dependence ©fon the angle of
structure®*34 To conserve parity, only transitions between incidence, we only show data taken at 70°.
even(unprimed and odd(primed states are allowed. At the As mentioned above, SrTids a perovskite crystal with
X point, the dipole operatol ;5 splits into X,, and Xs/, cubic symmetry(see Fig. 5. The symmetries of the normal
which can be derived from the character taifeShe selec- phonon modes at thE point can be derived using group-
tion rules for optical interband transitions are obtained bytheoretical method® The Ba and Ti atoms give rise to one
reducing the tensor products of the small representatsses I';5 mode each, the three oxygen atoms to tig modes
Table 1V). For example, transitions from the highe3(L} and onel,5 mode. Overall, subtracting onE;s acoustic
valence band to any of the Ti-related conduction ba2ds- mode, we expect threE;s modes(infrared activg and one
25) are allowed, but to the higher Sr-related conductionl’,5 mode(sileny. Since SrTiQ is an ionic crystal, each ;5
bands they are forbidden. mode splits into a TO and longitudinal optichlO) pair. The

The selection rules a@#l are the same as thoseXgtsince  energies of all these modes have been determined using
the little group is the same. AV, transitions from the high- hyper-Raman scatterin§.The Sr-related modes have ener-
est valence bandM,) to any of the conduction bands in gies of 87 cm?! (TO) and 179 cm? (LO) and the Ti-related

sel el ntiinl

2
O~ N W bh OO N ® OO =
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Fic. 9. Dielectric functione (top) and loss function-1/e (bottom of bulk

. . o . SrTiO;, measured at 70° incidenégymbols in the region of oxygen lattice
Fic. 8. Ellipsometric anglesy and A at four angles of incidence in the inrations compared with a Lorentz oscillator modétes).
infrared spectral region near the oxygen lattice vibrations.

modes have energies of 179 ch(TO) and 472 cmi® (LO) literature® The LO energies appear as peaks in the spectra
The silentl',s mode at 265 cm! does not influence our when plotting the loss functior1/e (see the bottom of Fig.
spectra. Finally, the oxygen-related modes are 542 ‘cm 9). Our data also indicate additional structures at 700 tm
(TO) an.d 792 cr,ﬁl (LO) according to the literaturd® in e and at 640 cm? in the loss function due to multiphonon

) S bsorption.
Only the highest ;= mode is visible in ouk, spectrgsee & . .
Fig. Q{top)]. I-?owevelz?, the decrease ef tow;rdplow:{r on- A comparison of the fit and the data shows that the ex-

ergies announces that one or more additional peaks occ15)|e”mem""I line shape is slightly asymmetric, there is more

below our spectral range. Therefore, our instrument Cannqqscillator stre.ngtmabfso.rptiom at higher epergies than on the
be used to measure, (i.e., the real part of at zero fre- ow-energy side. This is als'o reflected in the real partc.of
guency, which is of primary technological interest, since its When plotting the loss functlon_, see the bottom of Fig. 9, we
wavelength range is insufficient at low energies. We follow"°te that the calcula_ted peak is higher than the data for the
Gervaid’ and Humlgek®” and use two Lorentz oscillators to =O Bnonon at 792 cm’ and lower for the LO phonon at 475
model the dispersion of [see Eq.(2)]. Because of the lim- cm -, agan an |nd|cat|.o.n of the asymmetry. On the other
d’nand, the LO peak positions are well matched between data

ited range of our instrument, we ignore the weak Ti-relate o ! .
mode at 179 cm. (Including it does not improve the agree- and model. Such an asymmetric line shape is typically re-

ment between data and modéNe fix the lower TO mode at ferr.ed to as a Fano !ine shape and usually due to the inter-
E,=87cm '=10.8meV. All other parameters are fitted to ?ctmn bfetween al dL;:crete st.a¢she phonon and a con-
best describe the spectrum effrom 250 to 7450 cm?, mtilum, or eéxample, t;eesc?rrzlhers.t | (i ¢

although only a narrow range of the spectrum is shown in_ 10U €ase, Since the Sriylrysial contains no ree car-

Fig. 9. The resulting parameters are;=5.204, A,=3.72 riers, it is more likely that the asymmetry is caused by
X10"2eV?, Ty,=2meV, A,=6.58<10 3e\2 ' and T, phonon—phonon interaction. Following Gervélisye write e

—2meV. The oxygen-related TO phonon enerdss based on a factorized form of the dielectric phonon response
=67.7me\=546cm ! is in excellent agreement with the S B2 o~ E?+il 1o
hyper-Raman data of Ref. 38, crosses zero at 475 and 792  €(E)= EOCH E2__EZ4 il E
cm L. This is typically used as the criterion to define the LO =1 FiTo 11O

phonon energy, again in good agreement with theThis expression assigns different broadenings to the LO and

4
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TO phonons. When the two broadenings are equal, the usualal layer are not known to us, it certainly contains Si and O
sum of Lorentzians is recoveréd.Using Eq.(4) and by and could very well be a thin silicon oxide.
maintaining a 2:1 ratio of’; | 5:T'; 10, we are able to im- The SrTiQ film thicknesses were between 90 and 180 A,
prove the agreement between our data and the model amdeasured by TEM and x-ray reflectivity. For all films, we
introduce some asymmetry in the spectrum. However, meadetermined the Sr/Ti ratio using x-ray fluorescer®d&RF)
surements at longer wavelengttiselow the Sr-related TO using a methodology developed eafifefor BaSr;_,TiO5
mode of 87 cm*) would be needed to clarify this point. We on Pt. For selected samples, the accuracy of this calibration
are not comfortable with fitting the broadening of a modeusing BgSr, ,TiO; XRF standards was confirmed using
that is outside our spectral range. Measurements down to SQutherford backscattering and Auger spectroniefnging a
cm* at the infrared synchrotron beamline in Brookhavenbulk SrTiO; standardl The films described here were usually
would be useful to study this materf&l.This has recently sjightly Sr rich and reduced, i.e., oxygen deficient, which
been done by Sirenko and CO'WOFké+§.2 The energies and could be overcome by postgrowth annea”ng in oxyﬁen_
broadenings of the low-energy phonon modes can also be The surface roughness of the films was measured by
studied USing electric field-induced Raman Scatteﬁhg. atomic force microscopg,.e Typ|ca”y, the rms roughness
was between 1 and 5 A, much less than for the bulk sample
reported in Sec. Il. Therefore, the Srii@m is atomically
[ll. OPTICAL PROPERTIES OF SITiO ; ON Si smooth and its roughness does not affect the ellipsometry
. ) , ) ) analysis given below.
After discussing the optical properties of bulk SrjjGve To verify the crystallinity and orientation of SrTi®n Si,

proceed to those of thin SrTidilms on various substrates. e measured—26 x-ray diffraction (XRD) curves using a
First, we note that the refractive index below the band gap Oﬁ/igh—intensity Rigaku RU200-BH rotating-anode x-ray

SrTio; and BaTiq films grown on MgO by molecular beam source and a DMAX-B goniometer, using an anode voltage

epitaxy is not noticeably different from the bulkdowever, of 50 kV, a beam current of 200 mA, and a divergence slit of

there is a significant difference near the critical points, 1°. Regardless of growth conditions, we only found the

which are proadened and have a .Iower amplitude. There ar'§rTiO3 (100) and (200 lattice reflections:® There is no evi-
three possible explanations for this effect) Due to a less : : ! .
dence for other crystalline phases in the film or a crystalline

perfect crystal structure in thin films than in the bulk, there isinterfacial layer. The full width half maximurtFWHM) of
g;gggi::%g (())ff JE[?]Z e;z;ggln F;BOII?:;Q V\fﬁmgs’iswglffgnle:gjnt?n%he (200 lattice reflection usually was on the order of 1.3°,
: which corresponds to a film thickness of 65 A, about half the

micro-or polycrystalline semiconductors, such as Si or Sin'I thick db ¢ ic el
(2) There could be a difference in stoichiometry. Since the'M thickness measured by spectroscopic e ipsomé&tee

interband transitions originate from the QRvalence band ]Pe'o‘.’@- Ihere_dCﬁulg be S?m? contn_butloq t(.) the x—crqul .
and end in the Ti(8) conduction band, oxygen or titanium raction linewidths due to lattice strain variations or disloca-

vacancies(i.e., a change in stoichiomeiryvould certainly tions, therefore the x-ray diffraction measurements underes-

lead to a decrease of the critical-point amplitud@s. There ~ timate the film thickness. , _ _
could be other mechanisms for a charge transfer to Sr-related FOr @ll films on Si, we determined the ellipsometric angles

states, such as dislocations, grain bound&tiés polycrys- from 0.74 to 6.6 eV, ysing the high-accuracy mode of th?
talline films), or interface states, which would reduce thoseCOmpensator as described above. The data were analyzed in a

amplitudes also. In similar studies on bulk BaTj@ reduc- three-phase modelambient/film/Si substraje using the

tion of the refractive index in the surface region was ob-Herzinger—Johs parametric oscillator model to describe the

served after polishing, most likely due to a processing-srT'OS film. Fpr the thinner f|Ims(_about 100 A, there is _

induced damage at the surfdte. some correlation between the thickness and the refractive
The SITIQ, films studied here were prepared by molecu-index. Nevertheless, we feel that our measurements of these

lar beam epitaxy on §100) substrates as described Parameters can be trusted. This problem does not exist for
elsewheré. |t is known that a few monolayers of SrTj®@n films with 200 A thickness or more. The penetration depth in
Si(100 can be grown without an amorphous interfacial bulk SrTiO; exceeds 110 A for all wavelengths of our ellip-
layer?® However, in our thicker samples, we usually found Someter. Therefore, the SrTi¢Bi interfacial layer will affect

an amorphous interfacial layét0—40 A thick between the the data obtained in this three-phase model for all of our
SrTiO; film and the Si substrate. This interfacial layer can befilms, since the interfacial layer is not considered. For thinner
affected by the transmission electron microscap&M)  films, the importance of the interfacial layer will be higher
sample preparation or by extended exposure to the electrdhan for thicker films. In essence, this model reports an
beam, but careful studies of thinner films under similar con-averagedielectric function of the SrTi@film and the inter-
ditions do not show such an interfacial layer, as noted earliefacial layer. It is obvious that the interfacial layer thickness
There are several scenarios how this interfacial layer could¢an be minimized by maximizing the refractive index below
be formed. One possibility is that, during the growth of the band gap.

thicker films, oxygen diffuses through the SrEi@nd reacts All films had a refractive index at 632.8 nm(1.96 eV
with the Si substratéinternal oxidation (see Ref. & While  that was significantly lowef1.85—2.23 than in bulk SrTiQ

the exact atomic structure and stoichiometry of this interfa{2.39. Our best resultshighestn) were obtained in slightly

J. Vac. Sci. Technol. B, Vol. 18, No. 4, Jul /Aug 2000



2251

epsilon

Zollner et al.: Optical properties of bulk and thin-film SrTiO

12

10 +

LIS B S B B B B

LI I B B S B S B S S B B B S B B B R N

——- thick
thin n
— bulk

PO T T S S T N S S S W Y

1 2 3 4 5
Energy (eV)

Fic. 10. Average dielectric functions of slightly Sr-rich Srgiims on Si
determined within a three-phasambient/film/substrajemodel. Due to the

increasing importance of the interfacial layer between the film and the sub-

strate, the average dielectric function is lower for a thinner firh0 A,
dotted than for a thicker film(200 A, dashed The bulk SrTiQ dielectric
function is shown by the solid line.

3 2251

bulk e. In addition to the reduction of the amplitude ef
there is a significant broadening of the critical points at 3.8,
4.3, 4.8, and 6.2 eV. This broadening could be due to the
poorer crystallinity of the films compared to the bulk or due
to confinement effects. We do not note a significant shift of
the critical points or the band gap within the accuracy of our
thin-film measurements. Furthermore, there is no significant
absorption below the bulk band gap of 3.2 é\é., no Ur-
bach tai). The onset of strong absorption also remains about
the same(This can be seen better by normaliziagto the
same peak amplitude for the three spectra than shown in Fig.
10, Finally, while some of the reduction efin the films is

due to the interfacial layer, there could also be a charge
transfer to Sr-related states, which absorb at energies beyond
our spectral range.

IV. OPTICAL PROPERTIES OF SrTiO 3 ON Pt

SrTiO; films were also prepared on Pt by chemical vapor
deposition. For this study, a thermal oxide of 1000 A thick-
ness was produced on 200 mm($00 wafers. Then, 1000
A thick Pt films (much less than the penetration depth of the
light in our spectral rangewere deposited at 450°C by
physical vapor deposition using high-purity targets, resulting
in films with a rms surface roughness of less than 15 A. The
dielectric function of our Pt films prepared in this manner
has been described elsewh&dheir optical constants are
quite different from values tabulated in the literatiféqut

Sr-rich films with 200 A thickness. For this stoichiometry, consistent with ellipsometry measurements performed by
the refractive index decreases with decreasing thickness. tithers*® XRD measurements show that our Pt films are very
we stipulate that the amorphous interfacial layer has a refracstrongly textured with the RtL11) direction aligned with the
tive index similar to that of Si@(1.4), which is considerably growth direction. No XRD peaks other than Rt11) and
less than that of bulk SrTig) then it is plausible that the (222 plus the Si substrate peaks could be observed. The Pt
averagen for the film (interfacial layer plus SrTi@ film)
decreases with decreasing film thickness, since the relativie about 350 A. The FWHM of the F111) rocking curves is
importance of the interfacial layer increases. To test this hyabout 3.7°, again indicating strong texture of the Pt films.
pothesis, we attempted to describe the interfacial layer and The SrTiQ, lattice constant3.905 A) is very close to that
SrTiO; as two different layers in the analysis of the ellipsom-of Pt (3.92 A). Our best films are fully aligned with the Pt
etry data. We used our bulk SrTi@ata for the perovskite pseudosubstrate. Therefore, they cannot be studied using our
film and a Cauchy mode(starting with the parameters of XRD measurements. The texture of the Sridms on Pt
SiO,,n= 1.4, or SiN,,n=2.0) for the amorphous interfacial can be controlled by changing the deposition conditions. For
layer. Unfortunately, none of these models led to a goodhose SrTiQ films with weaker texture, we observe SrgiO
description of the ellipsometric angles. A Bruggeman effec{100 and (200) peaks in6—26 XRD scans. In this case, the
tive medium model with a mix of SrTiQand SiQ to de-
scribe the film(or a mix of SrTiQ, and Si to describe the can be determined. It ranges from 100 to 200 A. The S§TiO
interfacial layey was also tested, but did not lead to a goodfilms with smaller grain sizes also have weaker texture. The
agreement either. In summary, only a three-phase modetoichiometry of the SrTiQfilms was measured with x-ray
(ambient/film/Si substrajewas found in good agreement fluorescencé® Some films were approximately stoichio-
with our ellipsometric angles. This model leads to an averagenetric, while others were significantly Ti rigtsr/Ti ratio of
dielectric function for the film, including the effects of the 0.65 to 0.75.
amorphous interfacial layer.
In Fig. 10, we show the average dielectric functions forprepared under different processing conditions were mea-
two of our slightly Sr-rich SrTiQ films in comparison with
bulk SrTiO;. As mentioned aboves; at 1.96 eV is lower
than in the bulk for both films and decreases with decreasinghase model (ambient/SrTi@Pt), neglecting the small
thickness due to the increasing importance of the amorphousmount of surface roughness. The optical constants of the
interfacial layer. However, the dielectric functioesof the
films cannot be represented by a scaled-down version of thmetric oscillator model, ensuring Kramers—Kronig consis-
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grain size, determined from the FWHM of the (RBf.1) peak,

average grain size of the SrTj@rains aligned along100)

The ellipsometric angles of twelve SrTjQilms on Pt

sured from 0.74 to 6.6 eV in the same manner as for §TiO
on Si described above. The data were analyzed using a three-

SrTiO; were again described using the Herzinger—Johs para-
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12 1 T perimental observations. The oxygen—vacancy related disor-
[ (a) 3 der also broadens the optical phondfisyhich we discuss
10 B below.
C 1 The largesnh at 1.96 eV is shown by a film that is signifi-
8 7 cantly Ti rich (dashed line, Sr/Ti ratio of 0.75This film
C ] shows ane not too different from that of a stoichiometric
w 6 AW film on Si with similar thicknesgdotted. Based on our the-
T e A\ ] oretical results, it is not too surprising that excesgorilack
4= : . of Sr does not affeck too much, since the interband transi-
C ] tions contributing toe in our spectral range originate at the
2+ O(2p) valence band and end in the TgBconduction band.

: 3 Sr-related states do not contribute¢shown in Fig. 11.
0 e The dot-dashed and double dot-dashed lines in Fig. 11
show e for approximately stoichiometric SrTidilms on Pt.

8r ] Film number 7(dot-dasheglis not visible in XRD because of
[ — bulk ] perfect alignment with the Pt pseudosubstrate. Therefore, it
6L on Si is expected to have excellent crystallinity. This is also ex-
r ——- RSM1 14 pressed in its dielectric function. All expected critical points
ST — — BKM17 are clearly visible, though at a lower amplitude than in the
4 — .- BKM18 bulk or in the thick film on Si. Film number &ouble-dot
i dashed shows a strong and broad SrEi(00 XRD peak,
- indicating poor texture and a grain size of only 100 A. The
2r poor crystallinity expresses itself in a significant broadening
[ Ry of the critical points and a very strong Urbach tail below the
ol vt 2 band gap. This film also has the lowest refractive index at
1 2 3 4 5 6 1.96 eV of all films studied on Si and Pt with similar thick-

Energy (eV) ness. . . _
To study the lattice dynamics of the SrE@ms on Pt,

Fic. 11. Dielectric functions of polycrystalline SrTidilms on Pt, about  we performed reflection absorption spectrosc?j'pWe mea-
230-280 A thick, grown under different processing conditi@@ashed, dot- sured the reflected intensity of the SrEi@m on Pt (called

dashed, double dot-dashed@he bulk SrTiQ dielectric function is shown by . .
the solid line, that of the thick film on Ssee Fig. 10by the dotted line. 1) @nd also the reflected intensity of the Pt pseudosubstrate
Ro- Then, we calculate the quantity

R

tency of the optical constants while, at the same time, allow- 1- R_o' ®)
ing a high degree of freedom for the dispersion of the optical
constants. The film thicknesses were found to be betweewhich should be equal to the optical densiiyl (whered is
210 and 280 A(For some films, the thicknesses were alsothe film thicknesstimes a constant During these measure-
confirmed by cross-sectional transmission electron microments, the angle of incidence was about 45° and the polar-
scopy) The resulting (fitted) dielectric functions of the ization state was not well defined, but tegolarized com-
SrTiO; films on Pt are shown in Fig. 11. For comparison, weponent is expected to contribute very little to this sigttah
also showe for bulk SrTiO; from Fig. 3 (solid) and for the  typical spectrum for a 225 A thick film with a Sr/Ti ratio of
thick SrTiG; film on Si from Fig. 10(dotted. 0.8, a refractive index of 2.20 at 1.96 eV, and good crystal-

For all films on Pt, we noticed a lower refractive index at linity is shown in Fig. 12. We observe two peaks approxi-
1.96 eV than for the thickest film on Si described earlier. Themately at the energies of the Ti- and O-related LO frequen-
amplitudes of the critical points are also lower in the films oncies. There is no structure at the corresponding O-related TO
Pt. The films on Pt seem to have some absorption below thigequency. This is a manifestation of the Berreman effect
direct band gagbetween 2.5 and 3.5 g\indicating an Ur-  describing the infrared reflection response of a thin insulator
bach tail. It is possible that this is an artifact of our dataon a metal, such as LiF on Ajg.
analysis, since such small values &f are difficult to mea- To compare these experiments with a model, we calculate
sure for such thin films. However, since the SrTi@®ms on  the reflection absorption signal in E&) using our ellipsom-
Pt are grown at relatively low oxygen partial pressures, it isetry data analysis programWe chose a polarization of 45°
likely that they are reduced, i.e., oxygen-deficient. Linear-relative to the plane of incidence to see the effects of lsoth
muffin-tin-orbital band structure calculations by Shanthi andand p-polarized beams. Since we do not have infrared ellip-
Sarm&® predict that oxygen vacancies act as shallow donorsometry data for the infrared dielectric function of Pt, we
and dope SrTiQwith electrons. Vacancy clustering distorts choose a Drude model for a typical metal with a plasma
the bottom of the conduction band and forms a distinct bandrequency of 13 eV and a broadening of 0.3 eV. The SgTiO
tail in their calculationé? which is consistent with our ex- film is described with the same lattice dynamics mdgeim
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T T V. CONCLUSION
10 r ] We have performed extensive ellipsometry measurements
5 8 F —— Data E over a broad spectral range to study the electronic structure,
S f Model ] particularly the critical points, and the lattice dynamics of
* T ] bulk SrTiO;, in comparison withab initio band structure
:o 6 E B calculations. We apply our understanding of the bulk to thin
(3 ol . films on Si and Pt. In SrTiQon Si, we observe a much lower
S~ [ . . .
C 4r 7 refractive index below the band gap and a reduction of the
I b critical-point amplitudegbut no shift3, particularly in thin
2f N films. Most likely, this is due to the amorphous interfacial
YN g ‘ ] layer between the Si substrate and the MBE-grown SjTiO
0 b T e e film. In SrTiO; on Pt, there is also a reduction of the low-
500 600 700 800 900 energy refractive index, an amplitude reduction, and a broad-
Energy (cm'1) ening of the critical points, most likely due to a lower crys-

tallinity (as in microcrystalline Si or SiCcombined with a
charge transfer to Sr-related states at grain boundaries. We

Because of the Berreman effect, peaks at the LO phonon energies appearal,'ls0 observe a SOﬁemng and an amp“tUde reduction of the

this spectrum. The dashed line shows the spectrum calculated from od-rrb phonons n SrTi@on Pt n rEﬂeCt'on_absorpt'Qn mea-
lattice-dynamical model for bulk SrTiQ surements, which we attribute to oxygen vacancies in our

films based on the growth conditions. Maximizing the crys-
tallinity is likely to result in better electrical properties, i.e.,
higher resistivity and lower leakage currents through grain
boundaries.

Fic. 12. Reflection—absorption spectruiolid) of a SrTiO; film on Pt.

of two Lorentz oscillatorsas in the bulk, see above. These
data are shown by the dashed line in Fig. 12.
Comparing our experimental data with the model, we noté\CKNOWLEDGMENTS

that there are strong peaks in the signal due to the LO The authors are grateful to C. M. Herzinger for providing
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compared to the model. Also, the amplitude of the LO peakhe SrTiQ, bulk crystal. We also acknowledge stimulating
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However, in SrTiQ on Pt, the 792 cmt peak is broadened tivity of free space. The engineering literature refers to the same quantity
' . : : . as the relative permittivity with the symbkJ not to be confused with the
even more than in the bulk. The re_‘ds_hlft and broajdenmg extinction coefficient. SrTiQis thus called a higl- material. Strictly
compared to the bulk observed here is in contrast to infrared speakinge, or k is not really a constant, but depends on the conditions of
absorption work in highly reduced SrTiQ where a blue- electrical measurements, such as the amplitude and frequency of the ap-
shift and a broadening of the TO modes were observed. It is plied electric field, extrinsic properties such as interface states, and the
. . ) thickness of the film.
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