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Spectroellipsometric study of sol–gel derived potassium sodium strontium
barium niobate films

C. L. Mak,a) B. Lai, K. H. Wong, C. L. Choy, D. Mo,b) and Y. L. Zhangb)

Department of Applied Physics and Materials Research Center, The Hong Kong Polytechnic University,
Hung Hom, Hong Kong Special Administrative Region, People’s Republic of China

~Received 15 September 2000; accepted for publication 23 January 2001!

Spectroscopic ellipsometry ~SE! was used to characterize the sol–gel derived
~K0.5Na0.5!0.4~Sr0.6Ba0.4!0.8Nb2O6 ~KNSBN! thin films as a function of sol concentration. In the
analysis of the measured SE spectra, a modified double-layer Forouhi–Bloomer model was adopted
to represent the optical properties of the KNSBN films. In this model, the films were assumed to
consist of two layers—a bottom bulk KNSBN layer and a surface layer that composed of bulk
KNSBN as well as void. Good agreement was obtained between the measured spectra and the model
calculations in the chosen spectral region. Effective medium approximation theory was used to
evaluate the effective refractive index for the surface layer. The results of SE have been correlated
with atomic force microscopy measurements of surface roughness. Our analyses have shown that
the surface layer had a lower refractive index than the bottom one. In addition, the refractive index
and the surface roughness of the KNSBN films increase with the sol concentration. ©2001
American Institute of Physics.@DOI: 10.1063/1.1355283#
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I. INTRODUCTION

In recent years, ferroelectric materials have been
plored to manufacture various optical thin film device
Among different ferroelectric materials, potassium sodiu
strontium barium niobate~KNSBN! has been reported t
have high electro-optic coefficient (59310212m/V),1 large
transparent range~from 400 nm to 5.6mm!,1 high threshold
energy for optical damage~618 MW/cm2!,1 and Curie tem-
perature of above 200 °C.2 These properties make KNSBN
an ideal material for many optical device applications su
as an electro-optic switch3 and an optical waveguide.4 How-
ever, despite these outstanding properties, few studies o
KNSBN films have been reported.5

Thin film fabrication techniques based on the sol–
method has the advantages of excellent homogeneity, ea
chemical composition control, high purity, low processi
temperature, and uniformity over large area. Furthermo
the sol–gel process is capable of producing high-qua
films of a few microns thick that are difficult to prepare usi
physical deposition methods. As films of a few microns th
are required in many optical device applications, it will
beneficial to study the formation processes of sol–gel
rived films and their corresponding optical properties. So
gel thick films are generally obtained using either high co
centration sol or multilayer coating. The former scheme
obviously more economical in time and effort. Unfort
nately, cracks are generally resulted if the sol concentrat
exceed certain limit. In this article, the effects of sol conce
tration on refractive index~n!, extinction coefficient~k!, and
surface roughness are investigated. We demonstrate that

a!Electronic mail: apaclmak@polyu.edu.hk
b!Also at: Department of Physics, Zhongshan University, Gua

zhou 510275, People’s Republic of China.
4490021-8979/2001/89(8)/4491/6/$18.00

Downloaded 05 Dec 2011 to 158.132.161.9. Redistribution subject to AIP li
x-
.

h

the

l
of

e,
y

-
–
-
s

ns
-

ol–

gel derived KNSBN films of good structural and optic
qualities can be fabricated with sols of concentration l
than 0.2 M.

Spectroscopic ellipsometry~SE! is a nondestructive
technique using light reflection. In conjunction with com
puter modeling of the experimental data, SE is capable
depth profiling of thin film samples with depth resolution
the angstrom range. Therefore, SE becomes a powerful t
nique for optical thin films characterization and has be
extensively used by physicists, chemists, electrochem
electrical and chemical engineers.6 The complex Fresnel re
flection coefficient, which is composed of factors related
amplitude and phase difference of polarized light before a
after reflection, can be expressed as7

Rp

Rs
5tanCeiD ~1!

whereRp andRs are the reflection coefficients for light po
larized parallel~p! and perpendicular~s! to the plane of in-
cidence respectively, and are complex functions of refrac
indexn and extinction coefficientk. Generally, SE measure
the traditional ellipsometric angles,c andD, as functions of
energy in the experiment. However, in this study, spect
scopic phase modulated method was used.8 The incident
light beam was polarized before reflecting from the samp
The reflected beam, after passing through a photoela
modulator ~M! and an analyzer~A!, was dispersed by a
monochromator and detected by a photomultiplier tube. T
orientations~with respect to the plane of incidence! of the
polarizer, modulator, and analyzer are denoted P, M, and
respectively. The photoelastic modulator consisted of a fu
silica block sandwiched between piezoelectric quartz crys
oscillating at a frequency of;50 kHz. This generated a pe

-

1 © 2001 American Institute of Physics
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riodic phase shiftd(t) between orthogonal amplitude com
ponents of the transmitted beam. The detected intensity
this case, would take the general form:8

I ~ t !5I @ I 01I S sind~ t !1I C cosd~ t !#, ~2!

whereI is a constant, and

I 0512cos 2c cos 2A1cos 2~P2M!cos 2M

3~cos 2A2cos 2c!1sin 2A cosD cos 2~P2M!

3sin 2c sin 2M, ~3!

I S5sin 2~P2M!sin 2A sin 2c sinD, ~4!

I C5sin 2~P2M!@sin 2M~cos 2c2cos 2A!

1sin 2A cos 2M sin 2c sinD#. ~5!

For a suitable choice of angle A, M, and P, a simple de
mination of the ellipsometric angles fromI 0 , I S andI C could
be obtained. Throughout the experiment, we set

P2M5145°; M50° and A5145° ~6!

so that

I 051,

I S5sin 2c sinD, ~7!

I C5sin 2c cosD.

Therefore, we could calculatec andD accurately by obtain-
ing I S and I C .

II. EXPERIMENTAL PROCEDURE

The precursors for the KNSBN sol were strontiu
metal, barium metal, sodium ethoxide, potassium hydrox
and niobium chloride. Firstly they were dissolved separat
in 2-methoxyethanol, which acted as both the solvent and
stabilizer, to form the corresponding metal alkoxides. T
different metal alkoxides were mixed together to form t
KNSBN sol according to the desired stoichiometric ratio
K:Na:Sr:Ba:Nb50.2:0.2:0.48:0.32:2. The final KNSBN so
which was yellowish brown in color and free of suspensio
t
,

ed

n

.
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was refluxed at 120 °C to desired sol concentrations of 0
0.06, 0.09, 0.12, 0.15, 0.18, 0.21, and 0.24 M. These sol
different concentrations were dip coated onto 132 cm2

single crystal~100!Si wafers. The withdrawn rate was fixe
at 0.3 cm/s using a motorized translator. The films were t
air dried for about 20 min and then annealed at 700 °C fo
h. Details of the procedure can be found elsewhere.9

The crystalline structures of the sol–gel KNSBN film
were analyzed by an x-ray diffractometer@~XRD! Philip
X’pert# with Cu Ka radiation. Ellipsometric measuremen
were carried out by a spectroscopic phase modulated e
someter~Jobin Yvon UVISEL! in the energy range of 2.0–
4.5 eV at 10 meV intervals. All measurements were p
formed at a 70° angle of incidence with the analyzer a
modulator set at 45° and 0°, respectively. The obtained sp
tra were best fitted using the Forouhi–Bloomer model.10 The
parameters, including the thickness of the films, obtain
from each of the fittings were used to simulatedn andk by
the following dispersion relations:10

FIG. 1. XRD spectrum of single layer KNSBN film of 0.18 M sol conce
tration. The film was annealed at 700 °C for 2 h.
k~E!5
A~Eg2E!2

E22BE1C
, n~E!5n`1

A~2B2E12EgBE22Eg
2E12CE1Eg

2B1BC24EgC!

A4C2B2~E22BE1C!
, ~8!
e

nd-

ed
where Eg is the gap energy,n` is the refractive index a
infinity energy, andA, B, andC are positive constants. Here
E represents the energy ranging from 2.0 to 4.5 eV~620 nm
to 276 nm!. The SE derived film thickness was compar
with the data measured by a surface profiler~KLA-Tencor
P-10!. The films surface roughness was, on the other ha
measured by an atomic force microscope@~AFM!, METRIS-
2000# and the results were correlated to the SE analysis
d,

III. RESULTS AND DISCUSSIONS

Figure 1 shows a typical XRD spectrum of th
~K0.5Na0.5!0.4~Sr0.6Ba0.4!0.8Nb2O6 ~KNSBN! films with sol-
concentration of 0.18 M. From the figure, peaks correspo
ing to the tetragonal tungsten bronze~TTB! phase KNSBN
were identified.9 No orthorhombic SrNb2O6 (2u529.1°) or
BaNb2O6 (2u528.5°) phases11 were observed. This implies
that a completely crystallized TTB structure was obtain
cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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with annealing temperature as low as 700 °C. Similar res
were also observed in films with lower sol concentratio
although weaker diffraction peaks were obtained due
smaller film thickness. Therefore, we conclude that TT
phase KNSBN were obtained in all of the films with diffe
ent sol concentration.

Dispersion curves ofI S and I C for KNSBN films with
sol concentrations equal to 0.09 and 0.15 M are shown
Figs. 2~a! and 2~b!, respectively. The spectra show oscill
tions due to film thickness. For films fabricated with sol
concentration larger than 0.18 M, microcracks were o
served. This sets the upper limit on the sol concentration
which crack-free KNSBN sol–gel films can be obtaine
General speaking, higher sol concentration results in thic
films. This is revealed by the more closely spaced oscillat
observed in both theI S andI C spectra@Fig. 2~b!#. Our initial
analysis was based on a single-layer Forouhi–Bloom
model. Poor agreement, however, was obtained with the
perimental data. In subsequent analysis, we modified
single-layer Forouhi–Bloomer model into a double-lay
Forouhi–Bloomer~DLFB! model. In this model, we assum
that the films consist of two layers—a bottom bulk KNSB
layer and a surface layer that composed of bulk KNSBN

FIG. 2. Spectra of the ellipsometric parametersI S and I C as a function of
photon energy, obtained from SE experiments for KNSBN films of~a! 0.09
M and ~b! 0.15 M sol concentration. The1 and¹ are the measuredI S and
I C values respectively, while the solid lines are obtained from fitting.
Downloaded 05 Dec 2011 to 158.132.161.9. Redistribution subject to AIP li
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well as voids. These voids in the surface layer were mai
caused by surface roughness and porosity resulting f
evaporation of the solvent in the annealing process.12 Similar
inhomogeneity has also been observed
SrBi2(Ta12XNbX)2O9 ~Ref. 13! and amorphous silicon–
carbon alloy films.14 Figure 3 shows the DLFB model for
single-layer KNSBN sol–gel film grown on a Si substra
Based on this modified DLFB model, better-fit results we
obtained. The solid lines in Figs. 2~a! and 2~b! denote these
results. The volume fraction of voidf, effective thickness of
surface layerds and bottom layerdb , and the other five
parameters~A, B, C, Eg and n`! obtained by DLFB model
are shown in Table I.

After securing the fitted parameters, then andk disper-
sion spectra for the bottom KNSBN layers, evaluated us
Eq. ~8!, are plotted in Figs. 4~a! and 4~b! as a function of sol
concentration, respectively. The Bruggeman effective m

FIG. 3. Schematic picture of the DLFB model.

TABLE I. The fitting parameters of the KNSBN films with different so
concentration.

Sol concentration 0.03 M 0.06M 0.09 M 0.12 M 0.15 M 0.18 M

N` 1.396 1.170 1.469 1.316 1.264 1.40
A 0.033 0.105 0.075 0.199 0.105 0.10
B ~eV! 9.28 9.40 10.08 11.09 10.38 10.37
C ~eV2! 21.87 23.69 27.01 34.88 28.17 28.04
Eg ~eV! 1.82 1.79 1.84 1.86 1.78 1.78
db ~nm! 29 60 69 87 89 105
ds ~nm! 3 6 8 10 20 80
Void percentagef

~%!
10 40 45 50 50 50
cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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dium approximation~EMA!15 was used to describe then
dispersion spectra for the top KNSBN layers, which is e
pressed by

~12 f !
nb

22ns
2

nb
212ns

2 1 f
12ns

2

112ns
2 50, ~9!

wherenb is the refractive index of the bottom layer~i.e., the
bulk KNSBN! andns is the effective refractive index of th

FIG. 4. ~a! The refractive index and~b! the extinction coefficient of the
bottom KNSBN layers of 0.03 M~solid line!, 0.06 M ~dashed line!, 0.09 M
~dash-dot line!, 0.12 M ~solid line 1m!, 0.15 M ~solid line 1d!, 0.18 M
~solid line 1j! sol concentration obtained by Eq.~8!.
Downloaded 05 Dec 2011 to 158.132.161.9. Redistribution subject to AIP li
-

surface layers. Figure 5 shows thens dispersion spectra as
function of sol concentration for the upper KNSBN layers

In general, the refractive indicesns and nb of the
KNSBN films increase with energy. For example, the refra
tive index of the bottom layernb of the 0.06 M sample rises
from 1.46~at 2.0 eV! to 1.75~at 4.4 eV! as observed in Fig.
4~a!. As the sol concentration increases, the spectra shift
ward indicating that the refractive index increases with
concentration. For instance, when the sol concentration
0.18 M, the refractive indexnb of the bottom KNSBN layer
is about 1.97 at 2.9 eV. The escalation ofnb with concentra-
tion may simply be a result of increasing density. Furth
investigation of the effect of sol concentration on the dens
of the film using transmission electron microscope will be
importance. Similarly,ns also increases with the sol conce
tration except the 0.03 M films. According to the EMA,
larger void fraction leads to a lower effective refractive ind
for the upper layer. This explains why the surface layers
0.03 M films have a larger refractive index than the surfa
layers of other films.

Based on the fitting parameter in Table I, we see t
both the ratio of surface layer/bottom layer (ds /db) and the
void percentage increase with sol concentration. These
sults demonstrate that the sol–gel film surface gets roug
at higher sol concentration. This phenomenon is confirm
by AFM measurements of the surface roughness (Rq) of the
film as a function of sol concentration~Fig. 6!. All AFM
images of 535 mm2 scan area were collected in the tappi
mode with etchedc-Si tips. The inset shows the relationsh

FIG. 5. Effective refractive index of the upper KNSBN layers of 0.03
~solid line!, 0.06 M ~dashed line!, 0.09 M ~dash-dot line!, 0.12 M ~solid line
1m!, 0.15 M ~solid line 1d!, 0.18 M ~solid line 1j! sol concentration
obtained by EMA.
cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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betweends andRq . J. Kohet al. correlated the results of SE
and AFM measurements of surface roughness on amorp
semiconductor thin films.14 In their studies, a similar ap
proach, based on a two-layer optical model consisting
surface and bulk layers was used to evaluate the sur
roughness. The refractive index of the surface layer w
modeled using Eq.~9! with fixed void percentage of 50%. A
relationship of the form:ds(SE)51.5Rq10.4 nm was ob-
tained. However, they confined their studies to high qua
dense films with very small surface roughness~;0.3% of the
total thickness!. The voids were assumed to originate fro
surface roughness only. In our sol–gel derived films, ho
ever, voids are contributed from both the surface roughn
and pores in the bulk due to the evaporation of solven12

Therefore, we let the void percentage be a fitting param
to account for void from both surface roughness as wel
solvent evaporation. From Table I, we observed that the v
percentage increases with the sol concentration and satu
at 50% for sol of 0.12 M. This indicates that at low conce
tration the surface roughness is small so that the contribu
is mainly due to pores while at high concentration the v
percentage is mostly due to the surface roughness. Unlike
relation obtained in semiconductor,14 an modified correlation
of ellipsometry and AFM measurements of surface rou
ness was observed in our measurement:

ds~SE!'0.059Rq
210.48Rq10.11 nm. ~10!

For smallRq i.e., smooth films, the first term on the righ
hand side will be negligible so that Eq.~10! becomes a linea
relation consistent with that obtained in Ref. 14. The diff
ence in the slope may be simply due to different surfa
geometry existing in the surface of the film. Detailed inve
tigation of the correlation between the surface geometry
the value of the slope will be of great interest. As the film
become rough, i.e., largeRq , the empirical relation given by
Eq. ~10! applies. Indeed theds /db ratios of our samples ar
much larger than those reported in Ref. 14 indicating that
sol–gel films are rougher. This is simply due to the differe
preparation method used. Finally, a sudden increase of

FIG. 6. Root mean square surface roughness (Rq) and film thickness (dS)
with different sol concentration obtained by AFM and fitting of the S
spectra. The scan area of the AFM measurement is 5mm35 mm. Inset
shows the relationship betweenRq anddS .
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face roughness at 0.18 M may simply due to the fact t
0.18 M is very closed to the critical point of microcrack
formation ~occurs at about 0.2 M!.

Figure 7 plots the relation between the fitted thickness
the film and sol concentration. The fitted results were co
pared with those measured by the surface profiler. Ob
ously, the thickness of the film, as expected, increases w
sol concentration. The two sets of data are comparable
each other. However, the discrepancy seems to propaga
the film thickness is increased and can be attributed to
effect of increasing surface roughness with film thickness

IV. CONCLUSION

The optical dispersion functions of the KNSBN film
derived from different sol concentration were obtained
spectroscopic ellipsometry. In order to yield a more accur
optical constant of the KNSBN films, we use a modifie
Forouhi–Bloomer model, in which an effective surface lay
representing the surface roughness and the pores in the
was visualized. The refractive indices of these surface lay
were found, as expect, lower than the indices of the bott
layers. The SE fitted film thickness agrees well with tho
measured by the surface profiler. The thickness of the sur
layer, on the other hand, is correlated to the AFM measu
ments of the root mean square of the surface roughness.
results do suggest that the refractive indices of the sol–
derived KNSBN films increase with the sol concentration
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