JOURNAL OF MATERIALS SCIENCE 37 (2002) 38413845

Spectroscopic ellipsometry studies of amorphous
PZT thin films with various Zr/Ti stoichiometries
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Amorphous stoichiometric Pb(Zr,Ti(1_x)O3) (PZT) thin films with various values of x were
deposited on Si(100) substrates by the sol-gel technique. The influence of Ti content on the
optical properties was studied by spectroscopic ellipsometry (SE) in the UV-visible region.
Using a four-phase fitting model, the refractive index n and extinction coefficient k was
obtained by analyzing the SE spectra. The optical band gap energies E, for these films were
reported under the assumption of a direct band-to-band transition. It has been found that
the refractive index, extinction coefficient and band gap energy of the films were functions
of the film compositions. The refractive index of the PZT films increases linearly with
increasing Ti content. On the other hand, the optical band gap energy of the PZT films
decreases with increasing Ti content. © 2002 Kluwer Academic Publishers

1. Introduction
Lead zirconate titanate Pb(Zr,Ti(1—)O3) (PZT) is a
very interesting ferroelectric material because of its
pronounced pyroelectre, ferroelectric and electro-optic
properties [1, 2]. Thin PZT films have been success-
fully employed in the fabrication of non-volatile mem-
ory [2], infrared (IR) optical field effect transistor [3]
and electro-optic switches and modulators [4]. The sto-
ichiometry of PZT thin films can be varied to pro-
duce different properties. Although many studies on the
structural and electrical properties of these films have
beenreported [1, 2, 5], very limited reports exist on their
optical properties. Xu et al.[6] found that some amor-
phous PZT thin films exhibit excellent ferroelectric-like
properties, such as hysteresis loops, stable pyroelectric
currents, and piezoelectric resonance peaks in the di-
electric spectrum. Recently, a theoretical explanation
for the ferroelectric-like properties of amorphous PZT
thin films was reported [7]. These excellent properties
show that further studies, including optical measure-
ments, need to be performed for the amorphous PZT
films. However, there is little data on the optical con-
stant spectra of amorphous PZT films in a wide wave-
length range.

As for the optical research on PZT films, it has
been studied by ellipsometric technique by Trolier-
McKinstry et al. [8, 9]. In their work, however, most
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samples used are crystalline, and the measured
wavelength range is rather narrow: 400-650 nm or
300-700 nm. So the spectra of refractive index n show
monotonic behavior and the spectra of extinction coef-
ficient k£ has not been given. The optical properties of
amorphous PZT thin films are of particular importance
for e.g., optical modulator and optical display device.
The optical characterization also gives valuable insight
into the structural parameters of the film such as pack-
ing density, thickness, and surface roughness.

In this paper, we report on SE measurements of the
key optical constants (refractive index, extinction co-
efficient) for the amorphous PZT thin films. SE is a
non-destructive and sensitive optical technique that has
been widely recognized as a reliable tool for character-
izing optical properties of thin films [10]. In the analysis
of the SE spectra, a four-phase model was employed,
in which the optical properties of amorphous PZT films
were represented by the Forouhi-Bloomer model [11].
Our main objective was to determine the optical prop-
erties of amorphous PZT thin films as a function of
compositions.

2. Experimental details

2.1. Sample preparation

In this work, amorphous Pb(Zr,Ti(;—,)O3) thin films
with various values of x (x =0.9, 0.8, 0.7, 0.5, 0.4)
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were prepared on Si(100) substrates by the sol-gel
method.

High-purity lead acetate trihydrate Pb(CH3COO), -
3H,0, titanium alkoxide (Ti(OC3H7)4), and zirconium-
n-propoxide Zr(O(CH;,),CH3)4 were used as starting
materials; methanol CH30H and 2-methoxyethanol
C3HgO, were selected as solvents, and acetic acid
CH3COOH was used as stabilizing agent. Lead ac-
etate trihydrate was dissolved in mthanol at 70°C un-
der stirrng, 10 mol% extra lead acetate trihydrate was
added, then cooled to room temperature. Zirconium-z-
propoxide and titanium alkoxide were mixed in a de-
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Figure 1 Typical XRD pattern of PZT thin films deposited on Si(100)
substrate annealed at 450°C for 10 min with RTA.

sired ratio of Zr/Ti, e.g., PbZr(¢Tip 103 (90/10), then
dissolved in 2-metoxyethanol at room temperature un-
der stirring. These two solutions were mixed in a reac-
tion flask under stirring at 70°C for 2 h. Using acetic
acid to prevent partial hydrolysis, the concentration of
the final solution was adjusted to 0.3 M, and pH value
was 3—4. The solution that is usually called the pre-
cursor solution was colorless transparent. Before the
spin-coated, the silicon substrates were ultrasonically
cleaned with acetone and ethanol, then etched for 1 min
in 2% HF water solution in order to remove the surface
oxide. The precursor solution was spin-coated directly
on an Si(100) substrate to form a uniform wet film at
room temperature. The rotation speed and the spin time
were fixed at 400 rpm and 30 s, respectively. Wet films
were pre-annealed at 350°C in air for 10 min. Then the
films were annealed in an oxygen atmosphere at 450°C
for 10 min by rapid thermal annealing (RTA).

The microstructures of the PZT thin films were exam-
ined by a D/Max-RC x-ray diffractometer with Cu-K,
radiation. Fig. 1 shows the typical x-ray diffraction
(XRD) pattern of these PZT thin films. The film an-
nealed at 450°C for 10 min with RTA is amorphous
according to the XRD pattern shown in Fig. 1.

2.2. Ellipsometric experiment

A high precision photometric ellipsometer was used in
the characterization of the PZT thin films. Because the
details on SE can be found in the literature [10], only
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Figure 2 Ellipsometric spectra of amorphous PZT thin films with different Zt/Ti ratios. (a)Zt/Ti =90/10, (b) Zr/Ti=80/20, (c) Zt/Ti =70/30,

(d) Zxr/Ti = 50/50, (e) Zr/Ti=40/60.
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TABLE 1 Summary of fitting parameters for a series of amorphous
PZT films examined in this study

Thickness (nm)

Fitting parameters

Zr/Ti  Determined Determined by

ratio by SE profilometer A B C D ne

90/10 115.7 120 0.078 10.82 30.87 2.99 1.90
80/20 103.8 109 0.12 893 21.99 3.17 1.97
70/30 103.8 110 0.096 933 2299 3.12 2.02
50/50  86.2 89 090 9.73 2475 295 2.23
40/60  99.7 102 0.049 10.11 25.77 2.87 2.26

a brief description is given here. In ellipsometry, the
object is to measure the ratio of the complex Fresnel
reflection coefficients, p, where

p=rp/rs =tan W exp(iA). (1)

The quantity r,(r;) is the Fresnel reflection coefficients
for light polarized parallel (perpendicular) to the plane
of incidence, and W and A are the traditional ellipso-
metric angles. Note that both 7, and r, contain infor-
mation on the optical and structural properties of the
sample. The tan W and cos A are measured in a photo-
metric rotating-analyser ellipsometer, by Fourier anal-
ysis of curves of the light intensity vs. the azimuthal
angle of the rotating analyzer.

All the SE measurements were carried out at room
temperature in the 238-618 nm (corresponding to
5.2-2.0 eV) wavelength range at 2-nm intervals, with
operated at an angle of incidence of 70° and an az-
imuthal angle of the polarizer of 45°. The thicknesses
of the films were measured by profilometer. The results
were shown in Table I. The thicknesses derived from
profilometer were about in the range of 90-110 nm.

3. Results and discussion

The SE spectra for amorphous Pb(Zr, Ti(;—,)O3) thin
films with x from 0.9 to 0.4 are shown in Fig. 2a—e. In
the lower energy range, the spectra exhibit oscillations.
This is only due to the interference effect of light, and
this indicates that the films are transparent. The oscil-
lating frequency depends on the thickness of the film.
Generally, the thicker is the film, the higher is the
frequency.

The optical constants derived from the ellipsomet-
ric parameters of tanW and cosA are analysed by a
four-phase model (air/PZT + voids/PZT/substrate), as
shown in Fig. 3. The presence of a rough surface layer
is acommon feature for sol-gel-derived oxide thin films
[12]. The rough surface layer was modeled using a
Bruggeman effective medium approximation [13] con-
sisting of voids and PZT. There are a large number of
voids with almost 40% of air volume in the rough sur-
face layer (layer of PZT + voids). The optical constants
of PZT were parameterized using the Forouhi-bloomer
models, given by [11]

air
PZT+voids
PZT

Si(100) substrate

Figure 3 Schematic diagram of the film structure used in SE fitting.
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Figure 4 Experimental spectra (dotted line) and calculated spectra (solid
line) of PbZrg 9Tig.1 O3 films with Zr/Ti =90/10.
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where E is the photon energy and the fitting parameters
are A, B, C, D and n,. The optical constants of Si(100)
were taken from Ref. [14]. With the help of simulated
annealing optimization [15], the fitting parameters as
well as the film thicknesses were determined by fit-
ting the ellipsometric spectra. Fig. 4 shows a fit for
amorphous PbZr( 9Tip ;O3 thin film, and clearly, the fit
shown in Fig. 4 is a good fit. Table I shows the details
of the fitting parameters obtained from the fit for five
amorphous PZT films.

As shown in Table I, the thicknesses of PZT films
obtained by SE closely matches those obtained by pro-
filometer. Therefore, it is verified that our model ade-
quately describes the measured data. Fig. 5 shows the
refractive index (n) and extinction coefficient (k) ob-
tained from the fitted parameters for five amorphous
PZT films. From Fig. 5, we find that the optical con-
stants spectra of all PZT films show a high refractive
index (n=1.7-2.9) in the UV-visible region as well
as the fundamental absorption edge in the near ultra-
violet region. The refractive index first increased and
then decreased as the photon energy increased from
2.0 to 5.2 eV. The extinction coefficient of the films
increases as photon energy increases, consistent with
Kramers-Kronig relations. The extinction coefficients
are very small at lower photon energy, where the films
are nearly transparent. On the other hand, we also find
different values of the refractive index and extinction
coefficient due to the different compositions. The re-
fractive index of the amorphous PZT films increases
linearly with increasing Ti content. This is the same as
PLZT ceramics, whose refractive index is largely con-
trolled by the Zr/Ti ratio [16]. A higher Ti content in

A(—B?E 4+ 2DBE — 2D?E +2CE + D?B + BC — 4DC)

n(E)=ny +

(2)
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Figure 5 Optical constants (n and k) of amorphous PZT films with
different Zrt/Ti ratios.

PZT films enhances the formation of larger and more
closely packed crystals. The increase of the refractive
index with increasing Ti content can be partly attributed
to the increase of the packing density. This change of re-
fractive index was also observed by Trolier-McKinstry
et al. [8] for polycrystalline PZT films.

The extinction coefficient (k) spectra for the PZT thin
films with different Ti content are also shown in Fig. 5.
From the spectral relationship between extinction co-
efficient and photon energy, the extinction coefficient
of PZT thin films can be divided into three regions. Re-
gion I: the low-energy of the spectra (E =2.0-3.5 eV,
below the fundamental band gap energy E,); region II
and II: the high-energy regions (£ =3.5-4.2 and
4.2-5.2 eV, above E,). No obvious absorption is found
below the fundamental band gap energy E,. The extinc-
tion coefficient is near to zero except when the photon
energy increased close to the band gap energy. The dis-
persion in region II and III are due to the transition from
the valence band to the conduction band, or a transition
from a band to an impurity level. It is interesting that
the extinction coefficient increases as the Ti content of
amorphous PZT thin films increasing in the region II
and III. The values of the extinction coefficient, as we
know, result from the absorption and grain scattering
when the photon wavelength is equivalent to the grain
size in the high-energy region. The possibility of scat-
tering of the grains increases as the Ti content increases,
which can also be attributed to the increase of grain size
and surface density of the films. The extinction coeffi-
cient near the fundamental band gap energy is not zero
because of the noise, and the results demonstrated that
some other absorption is present in addition to the fun-
damental transition.

The optical band gap energy E, of amorphous PZT
films were calculated by considering a direct allowed
electronic transition between the highest occupied state
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Figure 6 Plot of (achv)? versus hv for PbZro ¢ Tip.1 O3 films, the optical
band gap energy E is deduced from extrapolation of the straight line to
(chv)? =0.
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Figure 7 Optical band gap energies of amorphous PZT films as a
function of Ti contents (x denotes the content of Zr).

of the valance band and the lowest unoccupied state of
the conduction band when a photon of energy, hv, falls
on the material. In this case, the absorption coefficient
«a is related to the optical band gap energy E, as [17]

(ahv)* = Constant - (hv — E,), 4)
where
o =4mk/X, 5

the E, values are therefore determined by extrapolating
the linear portion of the plot relating (ahv)? versus hv
to (ehv)? =0. As an example, Fig. 6 shows the optical
band gap energy for amorphous PbZr ¢ Tig 103 films,
E,=4.50¢eV.

The E, value of amorphous PZT films is a
composition-dependent parameter. Fig. 7 shows the
variation of E, with Ti content in PZT films. The E,
value is found to decrease from 4.50 to 4.12 eV with
increasing Ti content from 0.1 to 0.6. The decrease in
E, denotes the change in the structure. This is in agree-
ment with the structural experimental results of PZT
films reported in the literature [18]. Sreeivas et al. [19]
also have reported that the optical absorption edge is a
very strong function of film compositions. These results
are in agreement with our results. When Zr is a substi-
tute for Ti in the PZT films, Zr** ions will occupy the
lattice site of the Ti2* ions, which will enhance the cou-
pling effect between the Pb>* and O%~ ions because the
effect of the Zr-O bond is stronger than that of the Ti-O



bond. Furthermore, the lattice parameters will decrease
with increasing Zr content in the PZT thin films, due
to the difference in radii of the Ti** ions (r = 0.09 nm)
and Zr** ions (r = 0.086 nm). It is therefore more fa-
vorable to fabricate films with a higher packed density
and less voids. These facts may induce the shift of E,
values.

4. Conclusions

In conclusion, the optical properties of amorphous
Pb(Zr,Ti(1—x)O3) thin films with various values of x
coated on Si(100) substrates by the sol-gel method have
been investigated by the spectroscopic ellipsometry in
the UV-visible region. Using a four-phase fitting model,
the spectra of the optical constants and the band gap
energy E, have been determined by means of opti-
mization. Our studies show a strong dependence of the
optical constants and optical band gap energy on Zr/Ti
ratios in the deposited films. The thickness values ob-
tained from SE measurement compare well with the
surface profilometer data. The refractive index for PZT
films increases as the Ti content in PZT films is in-
creased. The optical band gap energies have been found
to decrease from 4.50 to 4.12 eV as the Ti content in
the films is increased from 0.1 to 0.6.
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