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We studied the structural and optical properties of (Ba, Sr)TiO3; (BST) films deposited on the
transparent substrates at various temperatures of 350-650°C and annealed at 450-650°C.
Improved crystallization can be observed on 650 °C annealed film whose substrate
temperature is 350 °C. The refractive index increased from 2.17 to 2.59 at A =410 nm for the
BST films deposited at 350-650°C and it varied from 2.17 to 2.25 after annealing up to
650°C. In addition, the refractive-index dispersion data related to the short-range-order
structure of BST films obeyed the single-oscillation energy model. The indirect energy gap
of the films deposited on Al,03; and quartz substrates was found to be about 3.5 eV.
According to the analysis of reflectance data, the optical inhomogeneity of films can be
reduced by depositing the films at intermediate temperatures 450-550°C. © 1999 Kluwer
Academic Publishers

1. Introduction (Bap7Sr.3)TiO3 target of 2 in. diameter and 0.125 in.
At present, ferroelectric thin films have received muchthickness was fabricated using standard solid-state pro-
attention for fabricating novel functional devices [1-6]. cess. An operating pressure of 40 mTorr was main-
In particular, the ferroelectric films are expected to betained by a mixture of high-purity argon and oxygen at
excellent in realization of various optical-applications a flow ratio of 20/1. All films were deposited at a fixed
due to their wide energy gap-8 eV), large static di- radio-frequency power of 80 W for 2.5 h and the sub-
electric constant, high refractive index and low absorp-strate temperature was varied from 350 to 685@ising
tion coefficient. The optical properties of the epitaxial a quartz halogen lamp. Post-annealing of the 50
PLT thin films grown on MgO and AD; substrates deposited film was carried-out in an argon atmosphere
have been investigated [7]. Zhat al. [8] studied the for 2 h attemperatures ranging from 450 to 65D
film-size effect on the optical energy gap of Ba%iO The film crystal structures were examined using X-ray
The (Ba, Sr)TiQ (BST) films, conrast to above men- diffraction (XRD, Siemens D5000) with @&, radia-
tioned ferroelectric materials, can display paraeletridion. The optical transmittance and reflectance of BST
phase by controlling Ba/Sr ratio and perform a highfilms were measured in the wavelength range of 250-
transparency as an insulating layer of an electrolumi900 nm using double beam spectrophotometer (Hitachi
nescent devices [9]. The current research on the opticahodel U3410 UV-Vis-NIR). The optical constant and
properties of BST should attract more interests due tdilm thickness were calculated on the basis of the enve-
its potential applications in flat panel displays and in-lope technique and interference-fringe equation [11].
tegrated optics. The film thickness was also cross-checked from the
In this study, the BST thin films were prepared onfracture surface of the film by scanning electron micro-
the transparent substrates by rf-sputtered at substraseope (SEM, Hitachi, S-4000).
temperatures 350-65C. We investigated the effect of
substrate temperature on the structure and optical prop-
erties of BST films. On the basis of single-oscillator 3. Results and discussion

model [10], the parameters related to the short-rangeFig- 1a displays XRD patterns of the films deposited
Order structure were analyzed_ on COI‘nIng SubStrates at various SUbStI’ate tempera'

tures ranging from 350 to 65€. The intensities of

(100), (110) and (200) peaks were enhanced with the

increasing substrate temperature, indicating that better
2. Experimental crystallinity can be obtained at higher substrate tem-
BST films were sputtered on the clean Corning 705%eratures. Fig. 1b revealed that the crystallization of
glass, fused-quartz and 1(@2)-oriented AlO3 by a  350°C-deposited film can be improved by subsequent
magnetron radio-frequency sputtering system. Thennealing at 650C.
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Figure 1 (a) XRD patterns of BST films deposited on Corning substrates G
at various substrates temperatures indicated (b) XRD patterns of BS1.E
films deposited on Corning substrates at 360(i) and followed by

annealing at 650C (ii).

Fig. 2 depicts the spectral transmittance characteris = 2.2 T
tic of bare Corning substrate and the BST films deposit-
ed on it at various substrate temperatures. The interfer
ence fringes are a result of the interference betweel , i | 1
the air-film and film-substrate interfaces. The refrac-
tive index f) was derived by employing the envelope
method [11] on the basis of the following expressions:

1/2
n= [N + (Nz—ng)l/z] /

n2+1

1 1
N = 2n — =+
S(Tmin Tmax> 2

100

-!IlIIllIIIIIIIIIII!IIIIII!Il(l(III-
3 AN

80 - )V\v /y\ N
g I R AZAAN
® L VAV ]
g 60 - -
(L] - B
= L 4
g i —-——-—bareoglass ]
& 40 - - 350°C -
= A I R 250 % ]
= - 55000 .

20 650 "C ]
Lot JllllJJJlllllllllllIllllllllll—

200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 2 Transmittance spectra as a function of wavelength for BST
films deposited at various substrate temperatures.
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Figure 3 Variation of refractive index as a function of wavelength de-
posited at various substrate temperatures for 2.5 h.

peratures. The refractive index increased from 2.17 to
2.59 (at. =410 nm) as temperature increased from 350
to 650°C. The behavior oh vs. A can be fitted into a
formula [11],n= A+ 2 + &, as shown by solid lines

in which Tax andThin are the corresponding transmit- in Fig. 3. The dependence of on substrate temper-
tance maximum and minimum at a certain wavelengthrature was consistent with those normally observed in

A, one being measured and the other calculateds
the refractive index of Corning glass substratd (51).
Fig. 3 displays the calculated refractive indey &s a

many oxides [12—-15]. The increase of the refractive in-
dex of the films deposited at higher temperature may
be attributed to an increase in packing density, crystal-

function of wavelengthX) for various substrate tem- lization and also to the oxygen deficiency [12—15].
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200 0 v ey ey Ly after annealing at 65CC.

400 500 600 700 Fig. 5indicates the least-square fit of the measured re-
fractive index vs. wavelength by the interference-fringe

Wavelength (nm) relation [11],

Figure 4 (a) Transmittance spectra as a function of wavelength for the

as-deposited=£350°C) and subsequently annealed BST films. (b) Vari- m 2n

ation of refractive index as a function of wavelength for the as-deposited E =d 7 -k, m=0,12... (3)
and annealed BST films.

inwhichk is the order number of the observable first ex-

Fig. 4a depicts no significant change in transmit-treme (M= 0) of the spectrum. The film thickness can
tance maxima and minima for the films annealed abe obtained from the slope of the plot shown in Fig. 5.
lower temperatures whereas transmittance maxima anthese thickness is in good agreement with those (num-
minima decreased and the interference pattern shifters indicated in [] of Fig. 5), which were observed by
toward a longer wavelength region in the 68Dan- SEM.
nealed film. Fig. 4b shows the variation of refractive According to the single-oscillation model [10], the
index as a function of wavelength for the film de- refractive index as a function of wavelength can be ex-
posited at 350C and subsequently annealed at 660  pressed as:
The lower transmittance after 650 annealing may

be mainly due to the strong scattering of the light 5 EoEq
in the film caused by some discernible microcracks n“-l=_——"- (4)
arising from mismatched thermal expansion of the ES — (T)

film and substrate. Suhadt al. [12] found that the

TiO film deposited at room temperature, after annealwherec is the light speedh Planck constantk, the
ing at 700°C, showed an increased refractive index,single-oscillator energy andy the dispersion energy.
(An/n)=47.3% at 550 nm, a thickness reduction of TheE, andEyvalues can be obtained from the intercept
—20% and a shiftin the spectral pattern to alower waveand slope of the plotn@ — 1)1 vs. 12, respectively.
length region AAn/Am < 0) resulting from the effect Fig. 6 exhibits a sufficient extended region of linearity
of interference fringe,2d = m. Our result for the an-  which can be employed to determiBgandEgy. Atlong
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TABLE | Thefitting parameters obtained from the single-oscillation 100 e
model for BST films deposited at various substrate temperatures B 1
Substrate Dispersi iri N N ]
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Ts (°C) energyE, (eV) Eq (eV) B (eV) = L oy N o]
e\_, [ I\ / \ / \~_// T
350 6.89 20.61 0.214 ® 60 - ,\\/ 100\—/)""l""I""l""—- N
450 6.69 26.14 0.272 2 L IV - E 3 .
550 6.42 26.33 0.274 g C ] R 80 E‘ ’\/ :_/ \_E ]
650 5.87 24.48 0.255 € L ] § 60 & = 4
- 1] o 3 -~
% 40 [ ,l 2ok Al,0, 3 ]
= L / E; 20 E- _z i
0.40 T T T T T 0 E =T RTTN- _
o / 300 450 600 750 900 E
B Wavelength 1
0.36 - ® 350° | - o Fuelengih om) ]
: 450 OC 0 [ L1 ) I 11 ) ) ' | S ] ' | | | S | I 141 ¢t
0.32 L o 220E | | 300 400 500 600 700 800 900
' Wavelength (nm)
o7 028 . 2.7 ; | |
S

\.. (b) ,
0.24 I n 26 ® Coming |

A quartz

0.20 - 4 S5t Alx03

)
°
£

0.16 | ] ] | 1 o 24
1 2 3 4 5 6 7 3
O

£ 2.3
-2 2 =

A7 (um?7) e

Figure 6 Plots of refractive-index facton? — 1)1 vs.A~2 for the BST 29

films deposited at various substrate temperatures.

21 ! | | |

wavelengths region, a curvature deviation from lin- 400 500 600 700 800 900
earity is usually observed due to negative contribu- Wavelength (nm)
tion of lattice vibrations to the refractive index [10].
The correspondindjo, as summarized in Table |, de- Figure 7 (a) The transmittance spectra of bare quartz substrate and
creases with increasing substrate temperature wheref) ., 1o 1ol Sepune T e v en
_Ed (=24.48 eV) at higher SUbStrat,e temperature 850 index as a function of WaV(erngth for B‘ST films prepared on various
is close to theEq of pure bulk BaTiQ (Eq=23.3€eV)  gpstrates.
and SrTiQ (Eq=23.32 eV) materials [10]. Structure
should play aninfluential role for oscillation and disper- = o
sion energ|es For lower temperature depoglted f”mst,IOH, l.e., to the eXC|tat|0n. of an electron from the va-
a small amount of amorphous phase would result if€nce bandto the conduction band. The BST energy gap
higher E, value. Table | also includes the values of ¢an be obtained from the following equations [16, 17]:
B = Eq/(NcZaNe) [10], whereN¢ (=6) is the coordi-
nate number of cation nearest neighbor to the anion, ahv = constantx (hv — Eg) (5)
Z, (=2) the chemical valency of the anion aNd (=8)
the effective number of valence electrons per anion. Thavherehv is the photon energ¥ the optical energy gap
observed values in our cases are coincident with theof allowed indirect and direct transition. The absorption
empirical values given by ~0.26+0.04 eV, which  coefficienta is given as [17]
was followed by many bulk oxides [10].

Fig. 7a displays the transmittance spectra of BST In(%)
films deposited on AlO3 (ns= 1.80) and fused-quartz “=4 (6)
(ns=1.51) substrates. The low-wavelength absorption
of bare AbOz and quartz substrates is much weaker tharin which T the transmittance ardithe film thickness.
that of bare corning substrate. Their refractive index as The @hv)Y/2 vs. hv plots for the films on AJOs and
a function of wavelength is shown in Fig. 7b. The low- quartz substrates as represented by Equation 5 show
wavelength absorption data for BST films prepared orgood linearity at wavelength below 400 nm, as shown
Al,Os and quartz substrates is related to the fundamerin Fig. 8. The plots of¢hv)¥/? vs.hv were found not to
tal absorption which refers to the band-to-band transibe straight lines over any part of the absorption spectra,

4576



1400 TABLE Il Optical inhomogeneity analysis for the films deposited at
L l ! ' l Vi various temperatures
1200 ) — Substrate Wavelength AN/Ngy
N A b temperature°C) (nm) (%)
3’.\ 1000 E E 350 715 -7.3
£ - . 450 593 -33
? 800 3 550 630 -37
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Figure 8 Plot of (@hv)Y/2 vs.hv for BST films deposited on AD3 and _g i
fused quartz substrates. 3 7]
@ )
1 ]
thus supporting the model of indirect band gap for the ]
deposited films. By extrapolating the linear portion of i
these curves to zero absorption, the calculated energy ]
gaps were about 3.5 eV which are close to the energy PP I B B B

gaps of BaTiQ films (3.6—4.1 eV) [8, 18] and SrTi§®)
ceramic £3.43 eV) [19]. The reduced energy gap of 400 500 600 700 800 900
(Ba, Sr)TiQ; might be due to the Sr in the Ba site sub- Wavelength (nm)

stitution. _ _
Th icalinh . fthe fil | dFlgure 9 Observed reflectance spectra as a function of wavelength for
e optical Inhomogeneity of the films was analyze bare substrateRso) and BST films Ry) deposited at various substrate

by using the near normal reflectance of the films and th@mperatures.
bared substrate surface. The inhomogeneous refractive

index (An) along the film thickness was determined

using the empirical relation [20]:

R —R from 350 to 650C. The optical homogeneity of BST
AN =N — Ny = Ngy——— 2 (7) films was found to be better for the films deposited at
4.4Rs intermediate temperatures 450-580

Then, in Equation 7 is the refractive index at the air-
film interface,n; at the film-substrate interface ang,
the average index of the filmR; and Ry are the re-

flectance at the front surface of the substrate and fiIm§47\'/ (f]onclusignz he effect of vari o
respectively. BothR, and R, can be computed from Ve have studied the effect of various substrate tempera-

the measured reflectance of the bare and deposite}Hres as wel!as post a”’?ea"”g on the structural and op-
substrate,Rs, and Ry, Using the following expres- tical properties of BST films prepared by rf magnetron

sions [21]: sputtering. Crystallization sets in at the deposited films
and it is further improved by post-deposition anneal-
2Rs ing at 650°C, as observed from X-ray results. The
Rso = 11 R (8) refractive index of the films were increased with an in-
S creased substrate temperature. The film thickness cal-
R — R+ Rs(1 — Ry)? ) culated from interference-fringe equation is in good
fo = ™ (1- RsRy) agreement with the one observed by scanning electron

microscope. The dependence of refractive index on the
whereAn can be positive or negative according to thewavelength obeys the single-oscillation model, from
gradation in the film [20]. NegativAn value indicates which the parameterg,, Eq and 8 were determined
that the refractive index decreases from substrate to th@end were consistent with the experimental values for
top surface of the film and vice versa. The degree ofmost oxides. The energy gap of the deposited films on
inhomogeneity of the filmsAn/ng, calculated from various substrates was found to be around 3.5 eV of
the points of reflectance minima around 600—700 nmindirect-transition type. The film deposited at 3%D
where theRg, (Rs) is almostindependent af as shown  was more inhomogeneous whereas it has better optical
in Fig. 9 and Table II, was found to vary from7.3  homogeneity when deposited at intermediate substrate
to —4.3% as the substrate temperature was increasdédmperature.
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