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Chapter 1 

Introduction 

1.1 The Photorefractive Effect 

The photorefractive effect was discovered in 1966 [l] and referred to as optical 
damage. It was seen that the refractive index of certain materials is changed by 
the illumination of a laser beam. Later on. the photorefractive effect has become 
the name of a more specific effect: a periodic refractive index change caused by 
an interference pattern [2]. The principles of the effect are explained in fig. 1. A 
material is illuminated by an interference pattern that has a period A (a). Electrons 
and holes are photo-excited at the maxima of the interference pattern and move 
towards the minima of the interference pattern until they are trapped (b). The 
resulting charge distribution causes an electric field that has the same period as 
the interference period and is shifted in phase (c). This charge distribution causes 
an electro-optic effect (d). The electric field modulates the refractive index via 
the electro-optic effect and this results in a refractive index grating with the same 
period as the interference pattern. 

The photorefractive effect can be made visible by the diffraction of a read
ing beam that is incident on this grating. Diffraction efficiencies of photorefrac
tive gratings can reach up to nearly 100 % [7]. Not only the reading beam is 
diffracted, also the interfering beams, that write the refractive index grating. can 
show diffraction on this grating. E.g. a weak and a strong beam write a photore
fractive grating. The strong beam is diffracted by its own grating and amplifies 
the weak beam. This is known as two beam mixing. Beam amplifications up to 
200 [3] have been obtained. Typical materials used for the photorefractive effect 
are ferroelectric oxides, semiconduct~rs and, very recently. polymers. 

In the first period of research on the photorefractive effect, much attention 
has been focussed on the phenomenon of volume holographic data storage. The 
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2 Chapter 1. Introduction 

theoretical limit of this storage is 1 1010 bitslcm3 [5]. In recent experiments the 
storage of 5 108 bitslcm3 has been demonstrated [6]. 

A major handicap for the photorefractive effect finding applications is the 
relative slow response. The photoreftactive effect is based on photoexitation of 
impurities and dopants. Electro-optical materials have a very weak absorption by 
which a long time is needed to excite all the charge carriers to create the pho
torefractive grating. The writing time of a photorefractive grating is dependent 
on the intensity of the writing beams, but is typically in the order of 100 s for 
LiN'bOJ [8] and 1 s for BaTi03 [4]. Faster build-up of a photorefractive grating 
occurs in semiconductors because of the more efficient interband excitation, but 
the electro-optic properties of semiconductors are weaker than that of oxides, so 
that refractive index change will be relatively small. The grating build up time is 1 
ms in most electro-optic semiconductors [9]. The best result is obtained in ZnTe 
with a build-up time of 15 p,s [10]. The sensitivity of the photorefractive effect 
has been improved by exploiting optical nonlinearities, where absorption near the 
band edge is enhanced by applying a large electric field. E.g. beam coupling 
experiments in bulk GaAs gave an amplification of the weaker beam of a factor 
100 [11]. These optical nonlinearities can be made even more effective in thin 
layers containing quantum wells, where a diffraction efficiency of 15% has been 
measured [12]. However to reach this high diffraction level, a very large electric 
field must be applied which means that the idea of an all optical device is aban
dond. The photorefractive effect has also been demonstrated in polymers. The 
diffraction efficiencies and beam amplifications in these materials are extremely 
high, but the build-up time of the photorefractive effect is in the range of seconds. 

The difference between thin films and thick crystals is that diffraction in thick 
crystals can only be observed under the Bragg angle, making the alignment del
icate. In thin films diffraction is observed under all angles, with the diffraction 
efficiency varying slightly on the reading angle. 

The photorefractive effect can, in principle, have several applications. One 
of the applications with the most impact is data storage. The build-up time of 
the photorefractive effect is too slow for applications where data is written many 
times. However, the effect has a future in read-only applications, because data is 
read out in parallel, and very fast. A practical problem is that volume data storage 
is only possible in bulk crystals, which are difficult and expensive to produce. An 
other application of the effect is in optical switching. The diffraction efficiencies 
are large enough to switch an optical beam. In addition, thin films can be used. 
Most important for optical switching is to increase the speed of the photorefractive 
effect 
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Figure 1.1: Build-up of the photorefractive grating. (a) interference pat
tern, (b) charge excitation, (c) space charge, (d) electric field 
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4 1. Introduction 

Ba 

Figure 1.2: the lattice structure of BaTi~ . Ba is a barium ion, Ti a titan 
ion and 0 an oxygen ion 

1.2 BaTi03 

The second perspective from which the work presented here can be regarded is 
the characterization of thin films of BaTi03 that have applications in electro-optic 
switches and volatile and non-volatile memories. After the discovery of ferro
electricity in BaTi03 in 1941, BaTi03 has been the subject of a lot of studies in 
the 40's and 50's and has become the paradigm for a ferroelectric material. At 
that time single crystals ofBaTi03 were grown to study the phase transition [13]. 
Ceramics were grown to exploit the large permittivity in capacitors. BaTi03 is a 
perovskite with barium ions at the corners of the elementary cell, oxygen centered 
in the faces of the cell and a titanium ion in the center as shown in fig. 2. A small 
displacement of this titanium ion along the c-axis causes a spontaneous polariza
tion. The spontaneous polarization is at the basis of the electro-optic effect and 
makes the dielectric constant anisotropic. The relative dielectric constant along 
the a- and b- axis has the relatively large value of 4000 [15]. 

Devonshire [14] was the first to describe the phase transition in BaTi03 us
ing a thermodynamic theory. This model, based on the elastic Gibbs function, is 
able to predict the phase transition in bulk crystals. Renewed attention came for 
BaTi03 with the photorefractive effect. Until recently BaTi03 was the material 
with the highest electro-optic coefficients and the material best suited for the cre
ation of electro-optic gratings. The development of thin film growth techniques, 
has provided a basis for thin crystalline films of BaTi03 which are of interest for 
application in integrated optics. 
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1.3 Scope of the Thesis 

This thesis describes the road to a fast multilayer photorefractive device. As al- · 
ready mentioned in the previous section, the speed of the photorefractive effect is 
one of the main reasons preventing the effect from finding applications. The key 
material property in the photorefractive effect is the electro-optic effect. Among 
the oxidic materials BaTi03 has the strongest electro-optic properties, thus part of 
the research was directed to thin films of BaTi03 and its electro-optic properties. 
While analyzing the electro-optic properties of these films, interesting dielectric 
effects became apparent and were also made a subject of study 

In chapter 2 we present a multilayer photorefractive structure that can make 
the build-up of the photorefrative effect faster. It consists of a photoconductor on 
top of an electro-optic crystal. Two laser beams interfere in the photoconductor 
and upon charge excitation and trapping, an electric field grating is written in the 
photoconductor. The refmctive index in the electro-optic crystal will be period
ically modulated by the electric field leaking into this crystal. We describe the 
diffraction efficiency that arises from such a grating taking into account param
eters such as the number of excited charge carriers, thickness of the photocon
ductor and electro-optic crystal and the gmting period. The calculated diffraction 
efficiency is compared with that of a bulk crystal. 

To give an experimental verification of the photorefractive effect at the inter
face with an electro-optic crystal, a metallic line pattern is structured on a LiNb03 
crystal. A voltage will be applied alternatively to the metallic lines and the diffmc
tion will be measured and discussed· on basis of the electro-optic properties of 
LiNb03. This is described in chapter 3. 

In chapter 2, BaTi03 will be suggested as the electro-optic material to be 
used in a photorefractive multilayer. In chapter 4, layers of BaTiDJ will be pre
sented that are grown with pulsed laser deposition. The structure of the layers is 
chamcterized by X-ray diffmction and the dielectrical properties are studied by 
impedance spectroscopy. It will turn out that a BaTi03 layer on a certain sub
strate splits up due to strain and relaxation. The stmin largely effects the dielectric 
constant. The last part of chapter 4 deals with depletion effects that influence the 
measurement of the dielectric constant. 

To analyze the data on the dielectric constant, a thermodynamic theory based 
on the elastic Gibbs function is optimized and used to explain the behaviour of 
the dielectric constant of BaTi03 as a function of strain. In addition, the dielectric 
constant of the strained layer has been measured at different temperatures and this 
measurement will be explained by the elastic Gibbs function model. 

Chapter 6 describes the electro-optic properties of the thin BaTi03 layers. El
lipsometry is used to determine the electro-optic coefficients of the strained part of 
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the BaTi03 layer. To deduce the electro-optic coefficients from the ellipsometric 
measurement, a model for reflection at birefringent media is presented. 

In addition to the work on the photorefractive effect in thin layers of BaTi03 , 
a different way of writing gratings is described, which is connected to nanotech
nology on silicon [16]. In chapter 7 it is demonstrated how gratings with a narrow 
linewidth can be written on silicon. This is achieved by interference two UV laser 
beams at the surface of hydrogenated silicon. 

Chapter 1 will be published in the J. Opt. Soc. Am. B. 
Parts of the chapters 4 and 5 will be published in Ferroelectrics. 
Part of chapter 7 has been published in Appl. Phys. 67, 2989 (1995). 
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Chapter 2 

The Photorefractive Effect at the 
Interface between a 
Photoconductor and an 
Electro-optic layer 

The photorefractive effect is. theoretically studied at the interface between a thin 
photoconducting layer and an oxidic electro-optic crystal. A grating charge distri
bution in the photoconducting layer creates an electric field which penetrates the 
electro-optic crystal giving a refractive index modulation near the interface. The 

photorefractive gratings of different crystal geometries are discussed. 

2.1 Introduction 

One reason for oxidic photorefractive crystals not achieving widespread applica
tion in all-optical switching is the slow build-up of the refractive index grating 
when written in the bulk crystal by laser illumination. This impotence can be 
related to the necessary combination of processes which lead to the grating for
mation (photoexcitation, charge trapping and transport, linear electro-optic effect) 
and the inability to optimize all these processes independently in a single mate
rial. A way to overcome this difficulty is to combine the different process func
tions into multiple layers. This approach has already been proposed in non-oxidic 
material systems (polymers [1] and InP [2] though in neither case has pho
torefraction been demonstrated nor has the potential diffraction efficiency been 
calculated. Oxidic electro-optic crystals typically have poor transport properties 
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10 The Photorefractive Effect at the Interface 

and hence it is particularly attractive to separate the charge transport processes 
from the electro-optic response utilizing a photoconductor/electro-optic material 
multilayer structure. The device speed is then determined by the time needed for 
building up the space charge pattern in the photoconductive layers. An estimate 
is provided by the dielectric relaxation time [3] 

EEo 
(2.1) r=---

ad +aph 

with Eo the vacuum permittivity and E the relative permittivity of the photoconduc
tor. The second expression assumes that the intensity of the interference beams is 
sufficient to saturate the diffraction efficiency, i.e. exceeds the saturation intensity 

aohv 
lsat = --

ttrae 
(2.2) 

at which the photoconductivity aph equals the dark conductivity ad [4]. As an 
example consider undoped hydrogenated amorphous Si for which a ph ::::::: 1 o-8 

Q-1cm-l [5], the mobility lifetime product J.tT ::::::: 10-7 cm2V-l and the absorp
tion coefficient a ::::::: tOS cm-1 at a wavelength of 514 nm. This results in a time 
constant of 40 J.tS at a saturation intensity Isat ::::::: 2.410-6 Wcm-2. This makes 
the build-up fast compared to that in an electro-optic bulk material like BaTi03 : 

At I= 5 mWcm-2, the response time in a-Si:H is::::::: 20 ns, while that in BaTi03 
would be only 4 s [6]. In this paper, we analyze a simple bilayer model of a 
photoconducting layer and an oxidic electro-optic crystal in order to determine 
which characteristics of the electro-optic crystal govern the performance of such 
a device. A periodic charge distribution in the photoconducting layer creates an 
electric field which penetrates across the interface into the oxidic crystal. We 
will calculate the perpendicular and parallel components of the electric field at 
the interface and show that the anisotropy in the dielectric function. determines 
the strength and penetration depth of the components of the electric field. The 
periodic refractive index change which arises from the electric field is considered 
for different orientations of the crystal axes with respect to the interface. For the 
optimum geometry the diffraction efficiency from the refractive index grating is 
calculated and compared to the diffraction in a bulk crystal. The structure we 
propose has similarities with the PROM device [7]. The difference in operation 
is that in our device the electric field \Vhich penetrates in the electro-optic crystal 
originates from the charge that is generated and then trapped upon illumination of 
the photoconductor. By contrast, in the PROM the electric field is produced by an 
external voltage that is applied over the photoconductor and electro-optic crystal: 
when illuminated, the photoconductor becomes conducting and the voltage over 
the electro-optic crystal is increased. The advantage of the present structure is that 
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Figure 2.1: (a) The photorefractive interface structure showing two co
herent laser beams interfering to write a grating pattern in 
a photoconducting layer on the surface of an electro-optic 
crystal. (b) A schematic drawing of the electric field lines 
produced by the photoexcited charge distribution in the pho
toconducting layer penetrating the electro-optic crystal. 
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12 The Photorefractive Effect at the Interface 

it is all-optical, while the PROM device has the advantage that a higher diffraction 
efficiency can be achieved. 

2.2 The Interface Electric Field 

The interface structure is shown in figure 1 and consists of a thin photoconduct
ing layer on the surface of a bulk oxidic electro-optic crystal. Two coherent 
laser beams create an interference pattern which locally photoexcites electrons 
and holes in the photoconducting layer. Subsequent charge transport and trapping 
then leads to a periodic charge distribution with an associated macroscopic electric 
field. The first order diffraction signal (to which we will restrict our interest) arises 
solely from the first Fourier component of the net charge distribution. The build 
up of the grating is left unspecified and for simplicity it is assumed that a uniform 
charge depth allows us to write the photoexcited charge as p(x) = p0 sin(Kx) 
where K = 2n I A and A is the period of the interference pattern. Further it 
is assumed that either all the light of the writing beams is absorbed in the pho
toconductor, or the amount of charge excited in the electro-optic crystal is very 
small and does not play a role. The electric field is calculated by solving the Pois
son equation for the electrostatic potential q;; (x, z) with the appropriate boundary 
conditions at the dielectric interfaces 

a2q;;(x, z) a2q;;(x, z) p;(x) 
Ei,xx ox2 + Ei,zz oz2 = __ E_O_ (2.3) 

where Pi is the charge density (only finite in the photoconducting layer) and 
Ei,xxand E;,zzare the dielectric constants respectively parallel and perpendicular 
to the interface. The layer index is i=1 for air, i=2 for the photoconducting layer 
and i=3 for the electro-optic crystal. From the form of Pi, the general solution for 
the electrostatic potential is 

(2.4) 

where ai = (Ei,xx/E;,zz)~ K and A;, B; , Ci are constants which satisfy the bound
ary conditions. 

Figure 2 shows the result of a typical calculation for the electric field strength 
through the layers. This example structure has a 1 11-m thick photoconducting 
layer with E=10 on top of a BaTi03 crystal (Ea= 3700, Eb=135 [8]), with the 
c-axis oriented in the z-direction. The grating period A is 5 11-m and the pho
toexcited number charge density Po is 5 1016m-3 in the photoconductor. The 
maximum electric field strengths in the x- (solid line) and z- (dashed line) direc
tions are plotted as a function of depth from the photoconductor I electro-optic 
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Figure 2.2: The calculated maximum values of the x and z components of 
the electric field plotted on a logarithmic scale as a function 

of depth in an example structure. The material parameters are 
detailed in the text. 
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interface. It is seen that the high dielectric constant in the BaTi03 crystal shields 
the penetration of the electric field from the photoconducting layer. This is also 
clear from the analytical expressions for the electric field at the interface in the 
electro-optic layer, which for E"J,xx. EJ,zz » Ez » 1 approximate to 

Po 1 
Ex(x, z) ::::: --K tanh(a2d)e-a3z cos(Kx), 

Eo JE3,xxE3,zz 

Ez(X, z) ::::: - Po -
1
- tanh(a2d)e-a3z sin(Kx), 

KEo EJ,zz 

(a) (2.5) 

(b) 

The electric field at the interface is written as the product of three factors. 
The first factor gives the dielectric shielding of the electric field in the oxidic crys
tal and contains for Ex (x, z) both components of the dielectric tensor due to the 
continuity conditions at the interface. The second factor is a hyperbolic func
tion which describes the effective thickness of the photoconductor in forming the 
electric field. This factor is close to unity for photoconducting layer thicknesses 
much smaller than A/5 which is achievable in most structures. The third factor 
describes the spatial modulation and includes the exponential decay of the elec

tric field into the oxidic crystal with a decay constant a3 = (E3,xx/EJ.zz)! K. The 
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expressions for the interface field are- similar in form to the expression obtained 
for a bulk electro-optic crystal [9] 

Pb 1 
Ez(X, z) = --K -- cos(Kx) 

Eo €3,xx 
(2.6) 

with a similarly modulated charge density p(x) = Po sin(Kx) . Oxidic electro
optic crystals are characterized by having a large static dielectric constant, reduc
ing, as eq. (5) shows explicitly, the achievable electric field strength, which offsets 
the large electro-optic coefficient In a bulk photorefractive device, this counter 
balance inhibits the diffraction efficiency. Comparison with eq. (4a) shows that 
for the interface structure, the electric field can be enhanced at the interface by a 

! 
factor ( €3,xx / €3.zz) 2 • 

The dielectric anisotropy also has consequences for the orientation of the 
BaTi03 depending on whether the c-axis lies perpendicular or parallel to the in
terface. This influences both the penetration depth and the absolute strength of E,, 
though not the strength of Ex . 

2.3 The Refractive Index Change 

In this section we c~culate the change in the refractive index in the electro-optic 
crystal due to the interface electric field. We start by giving the index ellipsoid for 
an electric field with an x and z component and then discuss the refractive index 
change in the case of BaTi03 considering the possible orientations of the crystal 
and the polarization of the light The refractive index change when an electric 
field is present in the crystal is described by the index ellipsoid 

(:l + rwEx + rxx.E,) x2 + ( :; + r,,E, + r,E,) y' (2.7) 

+ (:~ + rzzxEx + rzzzEz) z2 + 2(rxyxExrxyzE,Jxy 

+2(ryzxExryzzEz)YZ + 2(rzxxExrzxzEz}ZX = 1 

where ri)k is the electro-optic coefficient and we already used that Ey = 0. For a 
BaTi03 electro-optic crystal the only nonzero elements of the electro-optic tensor 
are, in reduced notation, r13 = r23. rs1 = '42· We can distinguish three cases: 

1. The interface is along the a-axis of the crystal and perpendicular to its 
c-axis, x = a ; z = c ; y = b. The index ellipsoid reduces to 

( :ij + r,,E,) (x2 + y') + (:; + r,E,) x2 + 2r51E,xz; I (2.8) 
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where the ordinary refractive index n0 is along the a-axis and the b-axis and 
the extraordinary refractive index ne is along the c-axis. We already inserted the 
non zero elements of the electro-optic tensor of BaTi03 . The x-z cross product . 
term causes the optical axes to rotate in the x-z plane by a rotation angle f3 given 
by 

(2.9) 

2. The interface is along the c-axis of the crystal and perpendicular to its a-axis, x 
= c ; z = a ; y = b. The index ellipsoid reduces to 

(:~ + r33Ex) x
2 

+ (:~ + r13Ex) (y
2 

+ z
2

) + 2rstEzXZ = 1 

Also in this case the optical axes are rotated according to Eq. 2.8 

(2.10) 

3. The interface is along the b-axis of the crystal and perpendicular to its a-axis, x 
= b ; z = a ; y = c. The index ellipsoid reduces to 

(2.11) 

For a reading beam propagating in the x-z plane, the grating can be read out 
with a polarization in the plane of incidence (p-polarization) and a polarization 
perpendicular to the plane of incidence (s-polarization). The effective refractive 
index for p-polarized light propagating at an angle 6 to the z-axis is obtained from 

1 cos(6)2 sin(6)2 

-- = . + --;:--
n2 n2 n2 eff,p x z 

(2.12) 

The refractive index fors-polarized light is the refractive index along they-axis, 

1 1 
-2-=2 
neff,s ny 

(2.13) 

The net effective refractive index change for each polarization is calculated as a 
perturbation by differentiating eq. (11) and eq. (12) with respect to (), n0 and ne . 
In case 1 we obtain, for tan(2f3) "' 2{3, 

.6.neff,p = -~n~ff[r13 cos2(6)+r33 sin2(6)]Ez(x, z)+n~ffsin(O) cos(O)rstEx(x, z). 

(2.14) 
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It is checked that for the electric fields encountered in the calculation, the 
perturbation approximation in eq. (13) is accurate within 1 %. The refractive 
index change for s-polarized light is 

1 3 
Doneff,s = -2neffEz(X, z). (2.15) 

Comparing eq. (13) to eq. (14), it is seen that the p-polarized light refractive 
index change is larger than the s-polarized refractive index change for all prop
agation angles. For case 2, the same calculation leads to similar expressions for 
the refractive index modulation. For p-polarized light, Ex and Ez and the electro
optic coefficients r13 and r33 exchange roles compared to case 1. The s-polarized 
refractive index change is caused by Ex instead of Ez compared to the case of 
c-axis oriented BaTi03 . In case 3 no refractive index change occurs along the 
crystal axes. Therefore the refractive index of s-polarized light is unchanged. For 
p-polarization it looks more complicated, but the following expression can be de
rived for the rotation ~ of the optical c-axis, 

2rstJE; + EJ 
tan(2~) = 1 1 

n2- n2 
0 e 

(2.16) 

As for this orientation Ex and Ey have the same amplitude and are 90° out of 
phase, the rotation ~ is not periodically modulated and thus will not cause an 
electro-optic grating. 

2.4 Diffraction Efficiency 

The next step is to calculate the phase </> for a ray path through the electro-optic 
crystal. Uchida [10] already calculated the diffraction efficiency of an expo
nentially decaying grating, but did not include the anisotropy of the refractive 
index changes which is essential for diffraction in thin films. The diffraction orig
inates from the periodic modulation ~?f </> laterally along the grating. According 
to Wang et al. [11], for a phase modulation with amplitude D.</>, the mth order 
of the diffraction efficiency is given by the square of the mth Bessel function, 
Y/m = J~ (D.</>). Thus for D.</> « 1, the first order diffraction efficiency can be 
approximated as Y/l = (D.</>)2 j4. The phase for a reading beam incident on the 
grating with a refractive index modulation D. n(x,z) is given by 

2rr j </> = T D.nds (2.17) 
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where the integral is over the beam path s(x, z). The interface photorefractive 
grating decreases exponentially into the electro-optic crystal and hence the inte
gral is finite for all incident angles. This is in contrast to a bulk crystal where 
diffraction is only observed under the Bragg condition. Since the condition for 
the applicability of two-dimensional Raman-Nath diffraction theory [12] is not 
always fulfilled for the interface structure, the phase integral is calculated exactly. 
This is possible analytically and the result for the p-polarized read out diffraction 
efficiency of a c-axis oriented interface, case 1 above, is 

(
rt3 cos2(8) + r33 sin2(8) )

2 
(2rst sin( B) cos( B) )

2 
111 = ~ + ~ 

€c ~ 
(2.18) 

where ~ is given by 

~= 
4H2n~cr 1 - 2cos(Kd3 tan(8)e-a3d3 + e-2a3d3 

.A.2cos2(8) as+ K 2tan2(0) 
(2.19) 

* (Potanh(a2d2))
2 

KEo 

and Ea and Ec are the dielectric con~tants respectively along the a- and c-axis. 
Equation (16) consists of two factors, the first describing the refractive index 
change along the crystal axes caused by Ez and the second the rotation of the 
optical axes caused by Ex. In a bulk photorefractive crystal, only the first factor 
is present except near the edges where the second factor also contributes [13]. 

2.5 Discussion 

For a device simulation, we imagine measuring the diffracted beam in transmis
sion through a thin two layer sample at .A. = 1.06 J.iiD after writing the interference 
pattern in the photoconducting layer at a shorter laser wavelength. BaTi03 is cho
sen as the electro-optic crystal (rtn= 24 pm/Y, r333 = 100 prnN, rm = 1640 pmN 
[3]) and the photoconductor is assumed to have an isotropic static dielectric con
stant € = 10. Initially, the photoconducting layer is 1 /LID thick, the electro-optic 
crystal 5 J.im thick, the grating spacing is 5 /LID and the net photocharge number 
density is 5 x 1016 cm-3. 

In figure 3(a), the calculated diffraction efficiency is plotted as function of 
the external reading angle for c-axis (solid line, case 1 above) and a-axis (dashed 
line, case 2 above) oriented devices. Note that due to refraction, the variation in 
the internal reading angle 8 is smaller namely between 00 and 26°. For small 
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Figure 2.3: (a) The calculated diffraction efficiency for a c-axis oriented 
(solid line) and a-axis oriented (dashed line) device as a func
tion of (a) the external reading angle and (b) the electro-optic 
layer thickness. The solid and open circles give the bulk 
Bragg diffraction efficiency in the c- and a-axis orientations 
respectively. Material parameters are given in the text. 
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reading angles, only the cos2(8) factor in equation (16) is important and the low 
value of r13 and high value of Ec lead to a small diffraction efficiency in the c-axis 
orientation. As the reading angle increases, the rotation factor increases rapidly, 
dominating the c-axis efficiency and contributing, albeit more modestly, to the a
axis efficiency (which would otherwise gradually decrease). For comparison, the 
bulk Bragg diffraction efficiencies [4] are shown for the two orientations assuming 
the same total number of net photoexcited charge carriers. The bulk efficiencies 
are always larger at the Bragg angle, however do not always remain so as the 
reading angle increases. In figure 3(b ), the diffraction efficiencies are plotted as a 
function of the electro-optic layer thickness for an external reading angle of 45° 
(8 = 18°). For a c-axis oriented device where the penetration depth« grating pe
riod, the diffraction efficiency rapidly saturates to the Raman-Nath limiting value. 
For the a-axis oriented device where the penetration depth and grating period are 
comparable, weak oscillations are observed as a ray path samples more than one 
lateral period of the grating for thicker electro-optic layers. In this orientation, this 
justifies the need to calculate the phase integral in equation (15) exactly. The de
pendence of the diffraction efficiency on the photoconductor thickness is shown 
in figure 4(a). The functional form arises solely from the tanh(a2d2) factor in 
the electric field strength and is identical for both orientations. The disadvantage 
however of using a thicker photoconducting layer is that the sensitivity of the de
vice is reduced as more photons need to be absorbed in the photoconducting layer 
to build-up a given electric field. In combination with the finite absorption depth 
of the writing laser beam, this will lead to an optimum thickness for the photo
conducting layer depending on the device application. Finally, the dependence of 
the diffraction efficiency on the grating period is shown in figure 4(b ). In both 
orientations, the diffraction efficiency increases rapidly with increasing grating 
period though with slightly different functional dependencies given by the form 
of~ in each case. This figure is however unrealistic in that for a given trap density, 
the efficiency of the net photocharge generation decreases with the grating period 
because the charge carriers have to diffuse over an increasing length to create the 
electric field. For example, the diffraction efficiency in bulk BaTi03 peaks below 
a grating period of A= lJLm [14] instead of increasing monotonically as in figure 
4(b). 

In summary, we have studied the photorefractive effect at the interface be
tween a photoconductor and an electro-optic crystal. We showed that the strength 
and penetration depth of the components of the electric field depend on the an isotropy 
in the dielectric constant. In the case ofBaTi03 we have chosen the optimum crys
tal orientation with respect to the interface. In this optimum geometry the diffrac
tion efficiency of the interface photorefractive effect, using the same amount of 
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Figure 2.4: (a) The calculated diffraction efficiency for a c-axis oriented 
(solid line) and a-axis oriented (dashed line) device as a func
tion of (a) the photoconductor thickness and (b) the grating 
period. Material parameters are given in the text. 
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excited charge, is comparable to that of the bulk photorefractive effect. But, be
cause of the thin nature of the grating, the interface photorefractive effect has 
the advantage over the Bragg diffraction of the bulk photorefractive effect, that 
diffraction is observed under all reading angles. 
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Chapter3 

An Experimental Verification of 
the Photorefractive Effect at an 
Interface: a Metallic grating on 
top of an Electro-optic Crystal 

The photorefractive effect at the interface is demonstrated experimentally. A 
metallic grating is put on top of an electro-optic crystal. When a voltage is ap
plied to the grating, an electric field penetrates into the electro-optic crystal and 
modulates the refractive index. A reading beam is diffracted on this electro-optic 
grating. The strength of the diffracted beam is discussed using a calculation 

3.1 Introduction 

In the previous chapter we proposed a two-layer photorefractive structure that 
consists of a photoconductor and an electro-optic crystal. Two-interfering laser 
beams write a periodic electric field in the photoconductor, which penetrates in 
the electro-optic crystals and modulates the refractive index. In this chapter we 
will study the penetration of an electric field in an electro-optic layer. In order 
to simulate a photorefractive grating in the photoconductor, a metallic grating is 
structured on top of an electro-optic crystal. A positive and negative voltage is 
applied alternately to the lines of the grating. A picture of the grating is given in 
Fig. L The lines have a width of 3 f.tm. Each second line is connected to the 
same contact. The grating is made of tantalum that is evaporated and structured 
in a dry etching process. LiNb03 is chosen as the electro-optic crystal because it 

25 
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Figure 3.1: The metallic grating. 

is a crystal that is easily obtained. The crystal is c-axis oriented, grown by Crystal 
Technology. After the structuring of the tantalum, it turns out that the adjacent 
lines are not perfectly isolated with respect to each other. The resistance between 
the two contacts is 2 kQ , indicating that it may not be possible to build-up a 
homogeneous electric field between all the lines. The effective electric field will 
be lower than expected on basis of the applied voltage. 

3.2 Electric Field 

In order to get an understanding for the electro-optic effects in the electro-optic 
crystal, we will model the electric field inside this crystal. Since the potential does 
not vary along the lines, the problem is reduced to two dimensions. A solution for 
the potential distribution in the electro-optic crystal is obtained from the Poisson 
equation. 

a2t~> rPcp 
Ex-+Ez- =0 (3.1) 

x2 z2 

where xis the direction parallel and z perpendicular to the surface. Ex and Ez are 
the relative dielectric constant along the x- and z-axis. For LiNb03 this constants 
are respectively 44 and 30 [1]~ It is convenient to perform an axis transformation: 

'/f;z z=z -
Ex 

(3.2) 

The Poisson equation becomes 

(3.3) 
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Using this transformation, the exact potential distribution can be calculated us
ing the Vector Fields [2] Opera2 finite element package for an isotropic dielectric 
constant. The result is a potential distribution as a function of x and z'. It is easily 
retransformed to a function of z. The refractive index is modulated by both com
ponents of the electric field.· Diffraction of light occurs because of a periodically 
repeated refractive index modulation. The first order of the diffraction is due to 
the first Fourier component of the refractive index modulation. When a different 
voltage is applied to the adjacent lines, the first order Fourier component of the 
electric field has a period of 12 JLm, which is double the period of the metal grat
ing. Therefore the diffraction of the electro-optic grating will be shifted spatially 
from the diffraction of the metal grating. Since we will only consider the first 
order diffraction, it suffices to restrict the analysis of the electric field to the first 
Fourier component of the electric field. The first Fourier components of the elec
tric field in the x and z-direction are deduced from the finite element calculation as 
a function of depth in the LiNb03 crystal and are fitted by an exponential decay. 

(3.4) 

E E «2z· 21r z = zoe sm-;:x (3.5) 

3.3 Diffraction Efficiency 

In this section the diffraction efficiencies caused by the electric field calculated in 
the previous section, will be derived from the refractive index change. In the case 
of LiNb03, the index ellipsoid is given by 

2 1 2 1 
X ( 2 + r12Ey + r13Ez) + Y ( 2 + r22Ey + r23Ez) 

no no 

2 1 
+z ( 2 + r33Ez) + 2r42ExYZ + 2rst Eyxz + 2r6t ExXY = 1 (3.6) 

ne 

with n0 the ordinary refractive index of2.31, ne the extraordinary refractive index 
of 2.22 and rib the nonzero electro-optic coefficients of LiNb03. The coefficients 
rt2 and r61 are equal in strength but opposite in sign to r22. which is 6.8 pmN [1]. 
r 42 and rst are 32.6 pmN, r13 and r23 are 10.0 pmN and r33 is 32.6 pmN. The off
diagonal coefficient r61 causes a rotation in the x-y plane. The exact orientation of 
the LiNb03 crystal we use in our experiments is not specified. Therefore the crys
tal's a-axis is at an unspecified angle y with respect to the x-direction. This will 
be taken into account in the calculation of the diffraction efficiency. The electric 
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field along the a-axis is Ex cosy, along the b-axis Ex sin y. The coefficients r42 
and rst mean that the xy plane is rotated with respect to the z-axis. For a beam 
incident at an angle cp this axis rotation gives a refractive index change of 

(3.7) 

Using this, an approximate solution for the refractive index change is given 
by 

An= -!n3 [cos(cp)2rl3Ec + sin(cp)2r33Ec 

+cos(cp)2(cos(y- cp)2[ri2Eb + r6tEa tan(fJ)] 

+ sin(y - cp )2[r22Eb - r6t Ea tan(fJ)]) 

- sin(cp) cos(cp)r42Eal 

with Ea ,Eb and Ec the electric fields along the a-, b- and c-axis 

=- arctan f) 1 (-r6tEa) 
2 rzzEb 

(3.8) 

(3.9) 

In chapter 2 is has been shown that the diffraction efficiency of a grating 
can be calculated using a Bessel function. For small diffraction efficiencies, the 
efficiency is given by 

17 = ( A2<P) 2 

Using Eq. 3.8 the diffraction efficiency is 

with 

and 

ij = (z).~:(qJ) )' r(al + (~ tan(q>))'r ~~ 
+(a?+(~ tan(q>))') -I ~il 

~~ = cos(cp)2( cos(y - cp)2[rtzEb + r6tEa tan(fJ)] 

+sin(y- cp)2[r22Eb- r61Ea tan(fJ)]) 

- sin(cp) cos(cp )r42Exl 

(3.10) 

(3.11) 

(3.12) 

(3.13) 

A problem in calculating the diffraction efficiency is that the orientation of 
the LiNb03 crystal is not known in the a-b plane. The diffraction efficiency is 
30% lower for an electric field along the crystal's a-axis than for an angle of 400 
with respect to this axis. 
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Figure 3.2: The diffraction efficiency as a function of the square voltage 

3.4 Experiment 

The metallic lines spaced at 6 JLm give a multi order diffraction pattern. Each of 
this orders is diffracted on the electro-optic induced grating, which has double the 
period of the metallic grating. The first order diffraction of the metallic grating 
is 20 % of the incident beam, the second order is 4 %. Therefore the second or
der diffraction will be neglected. A beam polarized in the x -direction is incident 
upon the metallic grating. The zeroth order remains perpendicular to the xy plane, 
while the first order is diffracted at an angle of 6° with respect to this plane. These 
orders are incident in the LiNb03 crystal and diffracted at the electro-optic grat
ing. The first orders diffracted on this grating coming from the zeroth and first 
order of the metallic grating are at the same spatial position. This means that the 
measured diffraction efficiency is a combination of two orders. Fig. 2 shows the 
measured diffraction efficiency of the metallic grating as a function of the square 
of the applied voltage. From Eq. 2.10 it follows that the diffraction efficiency is 
a linear function of the square of the electric field and thus of the applied voltage. 
The measurement of Fig. 2 also shows this behaviour. As we have mentioned 
before, the metallic lines are not completely isolated with respect to each other 
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resulting in an electric field between the consecutive lines that is smaller than ex
pected on basis of the applied voltage and a diffraction efficiency that is lower 
than expected. The part of the applied voltage that is used effectively to create an 
electric field between the lines should in principle be derived by fitting Eq. 11 to 
the measurement. However the unknown orientation of the LiNb03 crystal in the 
xy plane, makes it not possible to determine the electric field between the lines 
very accurately. Therefore the electric field between the lines is between 50 and 
60 % percent lower than expected from the applied voltage. We have fitted a curve 
through the data in Fig. 2 in the case that the crystals a-axis is in the x-direction. 
In this case half of the applied voltage drops over the metallic lines. 

In conclusion, a metallic line pattern has been structured on an electro-optic 
crystal. A voltage is applied alternately to the consecutive lines. The electric 
field penetrates into the electro-optic crystal and modulates the electric field. This 
shows that the principle of the photorefractive effect at the interface is possible. 
The diffmction efficiency of the gmting which is induced by the electro-optic ef
fect was measured as a function of the applied voltage and showed, as expected, 
to be linear with the square of the applied voltage. 
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Chapter4 

On the Measurement of the 
Dielectric Constant of BaTi03 
Thin Films by Impedance 
Spectroscopy 

Epitaxiallayers of BaTi~ were grown by pulsed laser ablation. The perpen
dicular and in-plane lattice constants were measured using two dimensional X
ray diffraction mapping. Impedance spectroscopy shows that the BaTi~ layer 
is composed of two layers with different electrical properties which leads to the 
conclusion that one layer is strained at the substrate and the other relaxed. The 
dependence of the dielectric constant on the layer thickness is explained assum
ing this two-layer composition. The impedance has been measured at different 
biases. The bias dependence of the capacitance of the strained layer is interpreted 
in tenns of a depletion effect. 

4.1 Introduction 

Thin perovskite ferroelectric films are of interest for applications in capacitors be
cause of their large dielectric constants. Recently much effort has been put in the 
epitaxial deposition of these layers using techniques such as radiofrequent sputter
ing [1, 2], metalorganic vapour deposition [3, 4] and pulsed laser deposition [5, 6]. 
Important parameters for applications such as the spontaneous polarization and 
the dielectric constant have been measured for these films [7-10]. The dielectric 
constant of these films is usually measured at a fixed frequency. In this chap-
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ter we show that this can be insufficient for a full characterization if the layer is 
not lattice matched to the substrate, because strain and relaxation can cause the 
film to relax via growth defects and dislocations beyond a critical layer thickness. 
Only by measuring the impedance of a layer as a function of the frequency, depth 
resolved electrical characteristics of the layer can be obtained. 

4.2 Lattice Constants Measured by TwoDimensional X
rayMapping 

Thin layers of BaTi03 were grown by pulsed laser deposition on a conducting 
Lao.sSro.sCo03 layer of 100 nm thickness on an undoped single crystal SrTi03 
substrate. During the deposition a 193 nm excimer laser beam was focused onto 
a BaTi03 target. The substrate holder was rotating during the off-axis geometry 
growth to assure that the layer thickness was uniform within 3% over the whole 
area [11]. The stage was heated up to 650 oc and deposition was performed in 0.2 
mbar oxygen. Layers of BaTi03 were grown with thicknesses ranging from 4 to 
620nm. 

TWo dimensional X-ray mapping [12] was used to study strain and relaxation. 
Fig. 1 shows the two-dimensional diffraction map of a sample with a BaTi03 layer 
thickness of 100 nm close to the asymmetric (321) reflection at a low angle of 
incidence. The two-dimensional reciprocal-space maps are obtained by carrying 
out several w /20 scans for different values of w. In such a map a peak position 
is characterized with both a w and () value. The reciprocal lattice parameters are 
derived from thew and() values. The lattice parameters for a (321) reflection are 
calculated from 

3 
c=-

kl. 

-15 
a=-

kn 
(4.1) 

with k1. and ku the perpendicular and parallel reciprocal lattice constants. The 
perpendicular and parallel lattice constants have been determined from the two
dimensional diffraction X-ray maps and their dependence on layer thickness is 
shown in Fig. 2. The in-plane lattice constant of the strained Lao.sSro.sCo03 
layer is also plotted. For a 4 nm thick BaTi03 layer the in-plane lattice constant 
is matched to the substrate and therefore this thin layer is fully strained. Thicker 
layers show relaxation with partial relaxation already occurring at a layer thick
ness of 20 nm. At a thickness of 100 nm and more the lattice parameters are 
constant with increasing thickness but do not have the bulk values. This indicates 
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Figure 4.1: Two dimensional X-ra.y diffraction map of a 100 nm thick 
BaTi03 layer on a Lao.sSro.s Co03 SrTi03 substrate. The map 
of Lao.sSro.sCo03 is on top, the map of BaTi03 is at the bot
tom 
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Figure 4.2: Perpendicular ( •) and in-plane (solid box) lattice parameters 
of BaTiDJ versus the layer thickness at room temperature. 
The Lao.5Sro.sCoDJ in-plane parameter is indicated by(!::.). 
Lines have been fltted through the measured data, dotted lines 
indicate the bulk lattice constants. For comparison the per
pendicular (o) and in-plane (D) lattice constants obtained by 
Yano et al. [10] are shown. 

that above 100 nm the layer is no longer oriented or split up in domains. For com
parison we also show the data obtained by Yano et al. [10] for BaTi03 on SrTi03 
which show a similar behaviour. 

4.3 Impedance Spectroscopy of BaTi03 layers 

We have studied the dielectric behaviour of the layers by impedance spectroscopy. 
The impedance was measured at room temperature between 0.1 Hz and 3 MHz 
using a Schlumberger SI 1260 impedance analyzer. A voltage of 0.1 V was ap
plied between the Lao.5Sr0.5Co03 bottom electrode and either a gold layer that 
was deposited on top of an 86 nm thick BaTi03 layer or an antimony doped tin 
oxide layer (ATO) on top of a 620 nm thick BaTi03 layer. Fig. 3 shows (a) the 
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phase and (b) the area impedance as a function of frequency for the two samples. 
The area impedance is used because the samples have different contact areas. In 
both cases the impedance shows two steps with increasing frequency which is 
characteristic electrically of two paraHel RC circuits in series. The solid lines are 
lumped circuit fits to the data including a series inductance for the measurement 
leads at high frequency. Having verified that the series resistance of the top and 
bottom electrodes is less than 100 ohms, we conclude that the structure behaves 
electrically as two distinct layers each characteristic of a lossy layer in the fit 

Watanabe et al. [8] have previously proposed a two layer capacitive model for 
BaTi03 layers in which the layer consists of a surface layer on top of a BaTi03 
layer with each layer having different electrical properties. We use the same in
terpretation to explain the presence of two layers in the measurement. To find out 
what are the electrical properties of this surface layer we compare the impedance 
measurements of the thick (620 nm) and thin (86 nm) sample. Assuming that the 
surface layer has the same properties for both samples, it is seen that the large 
resistance and capacitance that dominate the impedance at low frequency can be 
attributed to the surface layer. In the following we will argue that the surface layer 
is not an oxidic surface layer and its characteristics lead to the conclusion that the 
thin surface layer is in fact an integral part of the BaTi03 layer. The X-ray data 
in Fig. 2 show that layers up to 20 nm thick are strained at the substrate and that 
thicker layers are partially relaxed. Thick layers still are partially strained because 
the intensity contours of the two dimet)sional X -ray scan show a downward shoul
der towards the same in-plane lattice parameter as the substrate. The surface layer 
has a high resistance and shows no breakdown when a voltage of 10 volts is ap
plied. A typical high breakdown voltage material such as Si(h has a breakdown 
field of 107 V/cm. Taking this breakdown field as the maximum for the surface 
layer its thickness would be at least larger than 10 nm. With this thickness and the 
capacitance derived from the curve in Fig. 3 the relative dielectric constant of the 
layer is 30 or larger which is typical for a perovskite oxide and not for a surface 
oxide. 

We propose a model where a BaTi03 layer is effectively split into a strained 
layer of about 10 nm immediately on top of the substrate and a thick relaxed layer. 
This model is illustrated in Fig. 4. From the fit of the impedance and the phase we 
obtained a resistivity of 6.3 108 Ocm and a relative dielectric constant of 30 for 
a 10 nm pseudomorphic layer. The thick relaxed layer has a higher conductivity 
than the thin pseudomorphic layer probably due to defects and dislocations and 
unintended doping. 
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Figure 4.3: Phase (a) and Impedance (b) of a 86 nm BaTiDJ layer with a 
Lao.sSro.s CoDJ bottom and a gold top electrode (0) and of a 
620 nm BaTiDJ layer with a Lao.sSro.sCoDJ bottom and ATO 

· top electrode ( o ). The fits are given by the solid lines. 
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Figure 4.4: Schematic view of the two-layer model. The BaTI03 layer is 
split up in a relaxed part with capacitance Ct and resistance 
Rt and in a strained part with capacitance C2 and resistance 
R2. 
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From our two-layer model an equivalent dielectric constant is derived which would 
apply assuming a homogeneous BaTi03 layer. The dielectric constant as a func
tion of layer thickness is then calculated by assuming that the strained part of the 
layer is constant and only the relaxed part increases with increasing layer thick
ness. The dielectric constants of both parts of the layer remain unchanged for 
increasing layer thickness. We use the effective dielectric constant to compare 
our results with measurements by other authors who considered the BaTi03 to 
be a homogeneous layer and calculated the dielectric constant from a capacitance 
measured at a fixed frequency. This resulting effective dielectric constant as a 
function of thickness measured at 100 Hz is shown in Fig. 5 where we also show 
the data obtained by Watanabe (measured at 100Hz) et al. and by Yano et al. 
(measured at 100kHz). Each set of data has been fitted using our model consist
ing of a strained and relaxed layer in series. The thickness of the strained layer and 
the resistivity of the relaxed layer are varied and the effective one layer dielectric 
constant is calculated. The differences between the data obtained by the different 
groups may arise because of different growth conditions. The difference between 
our model and the surface layer capacitive model of Watanabe et al. is that we also 
allow for the different resistivities of the constitutive layers. This makes it possi-
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Figure 4.5: Effective dielectric constant of a BaTi0:3 layer with a strained 
and relaxed part: this work: (•); the data of Yano et al. [10]: 
(D); the data ofWatanabe et al. [8]: (o). The lines represent 
the model results for each set of data. 
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ble to apply our model to layers grown under different growth conditions. Yano et 
al. explained the thickness dependence of the dielectric constant with a one layer 
thermal contraction model. They assumed that the lattice parameters measured 
with X-ray diffraction are constant through the whole layer and approach the bulk 
values for increasing layer thickness. However it is likely that thick strained layers 
will relax and crack on cooling. 

4.5 Accurate determination of the strained layer capaci
tance 

In section 3, it has been shown that the capacitance of the strained layer is obtained 
from the slope of the impedance as a function of frequency. The impedance
frequency plot is on a log-log scale and therefore less suited for an accurate deter
mination of the capacitance. To obtain the capacitance of the strained layer more 
accurately, the impedance and phase are transformed to an effective resistance and 
an effective capacitance in series. 

-1 
Ceff = Z . , w sm qJ 

Reff = Z COS((> (4.2) 

Fig. 6 gives the effective capacitance as a function of frequency on a linear scale 
for the 86 nm thick BaTi03 sample. The plateau between to2 and lo4 Hz gives 
the capacitance of the strained layer. At lower frequencies, the influence of the 
resistance of the strained layer leads to an increase in Ceff and at higher frequen
cies the capacitance of the relaxed layer gives the decrease in Ceff· Furthermore, 
the small slope of the plateau gives a measure of the dissipation factor. This is 
confirmed by the solid line fit. At 10kHz the capacitance is 75.6 ± 2.0 nF with 
a dissipation tan ~ of 0.03. The capacitance obtained in this way is much more 
accurate than that of the impedance frequency plot of 80 ± 10 nF. With this ca
pacitance, the relative dielectric constant of the strained layer is 21, assuming a 
layer thickness of 7 nm. 

4.6 Depletion Effects on the Measurement of the Dielec
tric Constant 

The capacitance of the strained layer, obtained at a bias of -1, 0 and 1 V, depends 
on the bias as is shown in Fig. 7. The bias behaviour of Fig. 7 is typical for 
a metal-insulator-semiconductor structure with a p-type semiconductor [161 and 
caused by depletion in the semiconductor. The combination of a Lao.sSro.sCo03 
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Figure 4.6: The capacitance assuming a serial RC circuit, as a function 
of frequency. (D.) represent the data at a bias of -1 V, (D) at a 
bias of 0 V and ( o) at a bias of 1 V. Each set of data is fitted 
by a solid line. 
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Figure 4.7: The capacitance of the strained layer as a function of bias 
voltage. 
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bottom electrode, strained BaTI03 and relaxed BaTI03 can be assumed to be such 
an MIS structure because the electrode is metal-like, the strained layer with its 
large resistance is an insulator and the relaxed layer has a much smaller resistance 
and can be regarded as semiconducting. We explain the bias dependence of the ca
pacitance assuming depletion and take into account a spontaneous polarization in 
the strained layer. Fig. 8 shows schematically the band structure of the supposed 
MIS structure. The combination of differences in the work function of the metal 
and the semiconductor and a spontaneous polarization causes a depletion layer in 
the semiconductor. When a voltage is applied over the structure, the depletion 
layer becomes thicker or disappears. Thus, in addition to the strained layer, also 
the depletion layer has a capacitance resulting in an overall capacitance that is bias 
dependent. For a calculation of the influence of the capacitance of the depletion 
layer, we start by considering the electric fields in the strained layer and relaxed 
layer that are related by 

(1 

€2£2- €tEt = 
fo 

(4.3) 

where ft and €2 are the relative dielectric constants of the strained and relaxed 
layer, Et and E2 are the electric fields in the layers, €o is the free space pennittivity 
and a the interface charge between the two layers. The interface charge is the 
sum of the polarization charge and other charges trapped at the interface. The bias 
dependence of the capacitance suggests that the relaxed layer is p-type doped. 
Therefore we assume that the Fenni level is at the valence band level and the 
work function of the relaxed layer is a sum of the electron affinity and the bandgap 
energy. The voltage drop over the depletion region is 

(4.4) 

with q the unity charge, N A the number of trapped acceptors and w the width 
of the depletion region. Combining (4.3) and (4.4) the balance of work function 
difference, polarization, depletion and applied voltage is 

({I is the metal work function, x the relaxed layer electron affinity, E8 the relaxed 
layer bandgap, q and V appl the applied voltage. The barrier between Lao.sSro.sCo03 
and BaTI03 is obtained by combining published data on various barrier heights 
under the assumption that the barriers are derived by the bulk work function [13]. 
The gold n-type BaTi03 barrier is 1.9 eV [15]. 
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Figure 4.8: The band diagram for a MIS structure, where M is the 
Lao.sSro.sCoO:J, FE the strained BaTiO:J layer and SE the 
semiconducting relaxed BaTiO:J layer. <Pis the metal work
function, x the BaTiO:J electron affinity, E8 the bandgap of 
BaTiO:J, Evac the vacuum level, Ec the conduction band level 
and Ev the valence band level. 
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The gold PbTi03 barrier is 0.8 e V larger than the Lao.sSro.sC~ PbTi03 
barrier. This results in a difference between the metal work function and semi
conductor electron affinity of 1.1 e V. The BaTi03 bandgap is 3.2 e V. We used this 
data to calculate the bias dependence with (4.5). The calculation is shown in Fig. 
7. In the calculation the following assumptions are made. The relative dielectric 
constant of the strained layer is 20, that of the relaxed layer is equal to that of 
the bulk and is 130. The thickness of the strained layer is 7 nm. Under these 
assumptions, (4.5) fits the experimental data when the acceptor density is 2 1019 

cm3 and an interface charge density of 0.05 cm-2. The fit is very sensitive to 
the interface charge and is shifted to positive voltages for larger values. From the 
impedance plot in Fig. 3, a resistivity of 5 lOS Om is found for the relaxed layer. 
With an acceptor density of 2 1019 m-3, this is in between the resistivity of a bulk 
crystal [17] and ceramic [18], both having a acceptor density comparable to that 
of the relaxed layer. This is consistent with previous published results [19] that 
the resistivity increases with decreasing crystal quality. Starting from a certain 
positive bias no depletion region is created. A measurement of the capacitance at 
a bias of 1 V directly gives the capacitance of the strained layer. 

In conclusion, two dimensional X-ray mapping shows that when a BaTi03 
layer is grown on a substrate it is strained close to the interface while it is relaxed 
at a distance from the interface. The BaTi03 layer behaves electrically as two 
distinct layers. This is revealed by measuring the impedance as a function of fre
quency. Using the resistivities and dielectric constants of the strained and relaxed 
parts of the layer the thickness dependence of the dielectric constant is explained. 
The capacitance of the strained layer is dependent on the bias voltage due to a 
depletion region in the relaxed layer. 
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Chapter 5 

The Dielectric Constant of 
Strained BaTi03 Layers 

The elastic Gibbs function is used to model the dependence of the dielectric con
stant on the strain. The coefficients of the elastic Gibbs function are derived. It 
is shown that the elastic Gibbs function predicts the measured.dielectric constant 
of a strained layer. The same Gibbs model is used to explain the temperature 
dependence of the dielectric constant 

5.1 Introduction 

In the previous chapter BaTi03 layers grown on a SrTi03 substrate were mod
elled as a thin layer strained at the suhstrate and a relaxed layer. The capacitance 
of the strained layer has been derived using impedance spectroscopy. It is possi
ble to calculate the perpendicular dielectric constant of the strained layer when the 
thickness of the layer is known. From X-ray diffraction measurements described 
in chapter 4, the conclusion has been drawn that the strained layer has a thickness 
between 4 and 20 nm. From this it follows that the relative dielectric constant 
along the c-axis of the strained layer must be between 10 and 50, which is consid
erably less then the bulk value of 130 [1]. In this chapter the dielectric constant 
of a strained layer is calculated using a model based on the Gibbs free energy and 
compared to the experiment. In addition, the dielectric constant of the strained 
layer has been measured at various temperatures. The temperature dependence of 
the dielectric constant has also been modelled by the Gibbs free energy model. 
Unlike in a bulk crystal, no phase change seems to occur in the strained layer. 
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5.2 Elastic Gibbs Function Model 

Since the discovery of ferroelectricity in BaTi03 , a lot of attention has been paid 
to the tetragonal-cubic phase change. This phase change affects crystal properties 
such as heat capacity and dielectric constant. The dielectric constant along the 
crystal's c-axis exhibits a strong peak at the phase transition. An appropriate way 
to describe the behaviour of the dielectric constant is using a phenomenological 
model based on thermodynamics in which the free Landau energy or elastic Gibbs 
function are used [2-4]. The free Landau energy is written in the form 

H = U- TS (5.1) 

and the elastic Gibbs function in the form [3] 

G = U -xX -TS (5.2) 

U is the internal energy, S the entropy, T the temperature, x the strain and X the 
stress, and E the electric field and P the polarization of the crystal. A change in 
the internal energy is given by 

dU=TdS-Xdx+EdP (5.3) 

A change in the free Landau energy and elastic Gibbs function is under isotropic 
conditions given by 

dH = -Xdx + EdP (5.4) 

and 

dG = -xdX + EdP (5.5) 

The choice of the appropriate energy function is defined by the boundary condi
tions. At constant temperature and pressure oHjox = -X and oGjoX = -x. 
Thus the free Landau energy is suited for the case that stress is a boundary con
dition and the elastic Gibbs function for the case that the strain is a boundary 
condition. Here we consider BaTi03 layers that are grown on top of a substrate 
with a given strain and we therefore use the elastic Gibbs function. In this model 
the difference between the elastic Gibbs function of the tetragonal phase and the 
Gibbs function if the crystal were cuoic is taken into account. The elastic Gibbs 
function in the tetragonal phase is different from that in the cubic phase because 
of the polarizations and stresses that are not present in the cubic phase. The model 
is able to describe the behaviour of the dielectric constants in the tetragonal phase 
and at the tetragonal-cubic phase change. 
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The relation between the electric field and the polarization is given by 

p. 
Ei =· 1 

Eo(Eij - 1) 
(5.6) 

where Eij is the relative dielectric constant and i, j are the axis indices. Combining 
Eq. 1.5 and Eq. 1.6 it is seen that the component of the dielectric tensor is given 
by 

(5.7) 

The Gibbs free energy is expanded as a function of the square of the polarizations 
and the stresses to get a workable expression. An expansion with the second, 
fourth and sixth power of the polarization is used to describe the Gibbs free en
ergy for a bulk crystal [5, 7-9]. The resulting expansion for BaTi03 , wich belongs 
to the 4mm.point group in the tetragonal phase and to the m3m point group in the 
cubic phase, is given by 

6.G = at(Pf +Pi+ Pf} +au(Pf + P,f + Pj) 

+at2(Pf Pi+ Pi Pf + Pf Pf) +am (Pf + Pt + Pt) 
+all2[Pf(Pi + Pf) + P,f(Pf + Pf} + Pj(Pf + Pf}] 

+amPf Pi Pf- ~su (XI+ Xi+ X~) 
-stz(XtX2 + X2X3 + XtX3)- s44(X1 + x~ +X~) 
-Qu(XtPf + XzPi + X3Pf) 

-QdXt(Pi + Pf) + Xz(Pf + Pf) + XJ(Pf +Pi)] 

-Q44(X4P2P3 + XsPtP3 + X6PtPz) (5.8) 

Pt, P2 and P3 are the polarizations along respectively the crystal's a-, b- and 
c-axis. Xt. Xz and X3 are the tensile stresses and X4, Xs and X6 are the shear 
stresses; a 1, a 11 and a 111 are the coefficients of the Gibbs free energy model; Stt, 

s12 and s44 are the nonzero components of the elastic compliance tensor and Qu, 
Q 12 and Q44 are the nonzero components of the electrostrictive tensor for the 
4mm and m3m point groups. This expression can be simplified for a crystal in the 
tetragonal phase. Only a polarization along the c-axis exists. The strained BaTi03 · 
layers we study, are compressed in the a and b direction to the lattice parameter of 
the substrate. This gives a stress in the a and b direction. The Gibbs free energy 
change is reduced to 



so Derivation of the Temperature Dependent Coefficients 

f).G = at Pf + au Pf +am Pt - isu (Xr +Xi) 

-s12XtX2- Qt2(XtPf + X2Pf) 

From (5.7) the dielectric constant along the c-axis is given by 

1 
E3 = 1 + ---------::------:-

2Eo(at - 2Q12X + 6au Pf + 15atu Pf) 

{5.9) 

(5.10) 

where X is the stress in the a and b direction. The dielectric constant can be 
calculated for a given stress and polarization. 

The strain in the layer is defined as 

x (T) = ac(T) - a1(T) 
1 

ac(T) ' 
(5.11) 

where ac is the cubic lattice constant extrapolated to a specific temperature, a1 is 
the in-plane lattice constant at that temperature. In section 4.3 it has been shown 
that the BaTi03 layer is in-plane compressed to the lattice constant of the sub
strate. The substrate consists of a layer of Lao.5Sr0.5Co03 that is pseudomorphic 
to SrTi03. Therefore at(T) can be taken as the lattice parameter of the BaTi03 
layer at all temperatures. The stress in the layer can be calculated for a given 
strain. From the Gibbs function the strain is given by oGjoXt = -xi. The sign 
notation is that compressive stain is negative. Therefore 

(5.12) 

Using this equation the stress of a strained layer can be calculated. 

5.3 Derivation of the Temperature Dependent Coefficients 
of the Gibbs Free Energy Function 

The coefficients at, a11 and am have been fitted by Devonshire [5] and later 
by Vu Quoc et al. [6]. Devonshire assumed the coefficient at to be temperature 
dependent whereas the coefficients au and aw were taken temperature indepen
dent. On the basis of these coefficients, the calculated c-axis dielectric constant 
of a bulk crystal predicts correctly the Curie temperature, but does not match with 
the experimental dielectric constant at all temperatures in the tetragonal phase [6]. 
We propose that besides at also the coefficients au and allt depend on the tem
perature. The model will agree with the experiment at all temperatures in the 
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Figure 5.1: The Gibbs coefficient a1 as a function of temperature (points) 
and the fit (line). 

tetragonal phase. In the past, most of the coefficients have been calculated from 
data obtained on flux grown crystals [5, 7, 8]. Melt grown crystals, which seem to 
be of a better quality than the flux grown crystals, have a higher Curie temperature 
and a lower c-axis dielectric constant at room temperature. To get clear results we 
will only use data on melt grown crystals. The a 1 coefficient is found using the 
dielectric constant of the cubic phase. The polarization is zero in the cubic phase 
and from (5.10) it is seen that 

1 
at(T) = -----

2Eo(Ec(T) - 1) 
(5.13) 

where Ec(T) is the relative dielectric constant in the cubic phase. Schaeffer et 
al. [1] measured the dielectric constant along the c-axis in the cubic and tetragonal 
phase. In Fig. 1 the values of at are shown as a function of temperature. This 
graph also shows the fit 

at (T) = 4.075 105(T - 118.2) mF-1 (5.14) 

The temperature at which a 1 becomes negative is 118.2 °C. This agrees with the 
value Johnson [10] has found for a melt grown crystal. 

The other coefficients of the Gibbs function are derived by extrapolating at 
to the tetragonal phase. At constant stress and temperature oG foP = E, without 



52 Derivation of the Temperature Dependent Coefficients 

-0.4 

• 

Temperature ('C) 

Figure 5.2: The Gibbs coefficient a11 as a function of temperature 
(points) and the fit (line). 
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Figure 5.3: The Gibbs coefficient alll as a function of temperature 
(points) and the fit (line). 
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applied electric field this partial derivative is zero. We use this and Eq. 1.10 to 
derive that 

1 
---+4at(T) 

a (T) = _ 2€o(E3 - 1) 
11 

4Pf(T) 

1 
---+2at(T) 

a (T) = 2Eo(E3 - 1) 
111 

6Pj(T) 

(5.15) 

(5.16) 

The Gibbs free energy of the tetragonal and the cubic phase must be equal at the 
phase change, thus the Gibbs free energy change of the tetragonal state equals 
zero at the Curie temperature. Combining this with the condition aG I a P = 0, at 
the Curie temperature (Tc) 

-2at 
a11 = -pr-

c 
(5.17) 

at 
am = p 4 (5.18) 

c 

where Pc is the polarization of the tetragonal phase at the Curie temperature. To 
fit an (T) and a111 (T) at all temperatures of the tetragonal phase (5.15), (5.17), 
( 5 .16) and (5.18) are combined. Fig. 2 and 3 show respectively the coefficients a 11 

and a 111 as a function of temperature. For the dielectric constant again the data of 
Schaeffer et al. [1] have been used. The polarization has been taken from Wemple 
et al. [11]. The coefficients are fitted to the measurements with the following 
relations 

_ (353- T).j(T- 54.13)(T- 53.39) sc-2 (
5

.1
9
) 

an - 2.5810-7 m 

(373 - T).j(T - 84.22)(T - 84.34) 9 4 (
5

.
20

) 
aut = l.llo-s m C 

The results of this fits are shown by curves in fig. 2 and 3. 
For a given strain the stress is calculated using (5.12) This equation shows 

that the electrostrictive coefficient Q 12 can be derived using the lattice parameters 
and the polarization of a unstressed bulk crystal. Since no exact data on the lattice 
constant of melt grown BaTI03 crystals are available, we have to use older data 
of flux grown crystals. Huibregtse et al. [12] demonstrated that Q12 increases 
slightly with temperature and have fitted Q12 by 

(5.21) 

For the s11 and s 12 coefficients we take the data of Schaeffer et al. [1]. Both co
efficients are almost constant with temperature and show an increase at the phase 
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Figure 5.4: The stress of a BaTi~ layer as a function of the percentage 
strain. 

change at 134 °C. This increase may be because measurements are less accurate 
around the the phase change. Therefore we use a constant value for ·both coeffi
cients. su = 6.2410-12 m2N-1 and s12 = -2.610-12 m2N-1 

5.4 Influence of the Strain on the Dielectric Constant of 
BaTi03 

The capacitance of the strained layer has been measured for samples with a BaTi03 

layer thickness of 86 nm and 620 nm. Here, the total BaTi03 layer thickness is 
meant, which is the sum of the strained and relaxed layer thickness. In chapter 4 it 
has been shown that the thickness of the strained layer must be between 4 and 20 
nm. It will appear in this section that the dielectric constant of the strained layer 
can be exactly explained when it is assumed that the thickness of the strained 
layer is 7 nm. Under this assumption, the perpendicular dielectric constant of 
strained part of the 86 nm sample is 20 and that of the 620 nm sample is 22 at 
room temperature. Compared to the bulk dielectric constant of 130, strain reduces 
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Figure 5.5: The spontaneous polarization in a BaTi~ layer as a function 
of the percentage strain. 
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the dielectric constant almost by a factor 7. To model the dielectric constant as a 
function of strain, we have calculated first the stress as a function of strain using 
(5.12). In Fig. 5.4, the stress is given as a function of the percentage strain. The 
strain of a bulk crystal appears when stress is zero. Note that compressive strain 
is negative. This stress is used to calculate the spontaneous polarization as a func
tion of strain in Eq. 1.12. The polarization is displayed against the percentage of 
strain in Fig. 5.5 

With this polarization the strain dependence of the dielectric constant along 
the c-axis is calculated from Eq. 1.10. Fig 5.6 shows the dielectric constant as a 
function of the lattice constant. For clarity the lattice constant is shown instead 
of strain, so that the dielectric constant for a given lattice parameter can be found 
directly. The experimentally found dielectric constant of the bulk crystal, which 
has an a-axis lattice constant of 4.0 A. is also given, as is the dielectric constant 
of a layer strained on SrTi03. The experimental value agrees with the theory, 
assuming that the strained layer is 7 nm thick. Fig. 5.6 also predicts that the c
axis dielectric constant could be enormously enlarged when the BaTi03 is slightly 
stretched along the a- and b-direction. This stretching however, should be very 
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Figure 5.6: The dielectric constant of BaTiDJ along the c-axis as a func
tion of the a-axis lattice constant. The line is the Gibbs free 
energy calculation. The points give the experimental value. 

small because the bulk a- and c-axis lattice constant have only a small difference. 

5.5 Temperature Dependence of the Dielectric Constant 
of Strained BaTi03 

The capacitances of the strained part of the 86 nm thick BaTi03 layer have been 
obtained at different temperatures. The tan o at 10kHz is constant until 115 °C 
and slightly larger at higher temperatures as is given in Fig. 5.7. 

Since tan o is almost independent of temperature, the dielectric constants cal
culated from capacitances at different temperatures may be compared. Fig 5.8 
shows that the dielectric constant of the strained layer does not change very much 
up to 115 °C and is increased at higher temperatures. This temperature behaviour 
of the dielectric constant of the strained layer can be calculated with the Gibbs free 
energy modeL The calculation is also shown in Fig.5.8. For the lower tempera
tures, the calculated dielectric constant has the same fiat temperature dependence 
as the measured dielectric constant. At more elevated temperatures the measured 
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Figure 5.7: Tan !J of a strained BaTiDJ layer as a function of temperature. 

dielectric constant increases faster than the calculated constant. This difference 
may arise because the Gibbs coefficients a 11 and a 111 have been derived in the 
temperature range where the bulk crystal is tetragonal and have been extrapolated 
to higher temperatures. Although there is an increase in the dielectric constant of 
the strained layer, it is not as dramatical as for a bulk crystal and no phase change 
occurs in the temperature regime where the measurements have been performed. 
To illustrate this the dielectric constant of the bulk and strained layer are in Fig. 
5.9 given as a function of temperature in the same figure. The relative dielectric 
constant along the c-axis of bulk BaTi03 is 130 at room temperature and increases 
to 4000 at the phase change at 134 °C and further on decreases in the cubic phase. 
The bulk dielectric constant clearly exhibits the phase change at 134 °C, whereas 
the increase in the dielectric constant of the strained layer is only minimal on the 
scale of the bulk dielectric constant. Probably, the strained layer does not show a 
tetragonal cubic phase change at all. The layer is grown on a substrate that has a 
smaller in-plane lattice constant than bulk BaTi03 at all temperatures. Therefore 
the BaTi03 layer will remain strained and tetragonal with a small c-axis dielectric 
constant for increasing temperature. 

In summary, the relative dielectric constant of a BaTi03 layer grown on 
SrTi03 is about 20 at room temperature. To model the strain dependence of this 
dielectric constant, we have derived the temperature dependent coefficients of the 
Gibbs free energy function and demonstrated that it is possible to explain the rela-
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Figure 5.8: The c-axis dielectric constant of a strained BaTi~ layer as 
a function of temperature. The points are measure data, the 
line is a calculation. 
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tively low c-axis dielectric constant of a strained layer by a thermodynamic model. 
In addition it has been shown that the dielectric constant remains low at a broad 
temperature range. while the dielectric constant of the bulk shows a sharp increase 
and a phase change. 
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Chapter6 

Electro-optic Constants of 
Strained BaTi03 Layers 

An model is set up to derive the electro-optic coefficients of a birefringent layer by 
the use of an ellipsometer. The electro-optic coefficients of the strained BaTi~ 
layer have been derived using this model. The coefficients of the strained BaTI~ 
layer are compared with the coefficients of the bulk. The difference is explained 
in terms of dielectric constant and spontaneous polarization 

6.1 Introduction 

Interest has been growing for thin electro-optic layers for applications in inte
grated optics. Among the materials that are considered, much attention has been 
paid to perovskites such as LiNb03 [1, 2], BaTi03 [3, 4], SrBa.Nbz06 [5-7] and 
KNb03 [8], because of their large electro-optic coefficients. In chapter 2 we pro
posed a photorefractive multilayer structure consisting of a photoconductor on top 
of an electro-optic crystal. This structure can be made thinner when the crystal 
is replaced by a thin electro-optic layer. In this chapter the electro-optic proper
ties of BaTi03 layers will be characterized. It will be interesting to see to what 
extent the strain influences the electro-optic effect in these layers. A model will 
be described for the reflection at birefringent multilayers. The electro-optic co
efficients of a BaTi03 layer will be measured using an ellipsometric set-up. The 
electro-optic coefficients will be extracted from the measurement using the reflec
tion model. 
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p 

BaTi03 

SrTiO 3 

Figure 6.1: Schematic drawing of the ellipsometer. P is the polarizer, C 
the compensator and A the analyzer. 

6.2 Ellipsometry for the Determination of Electro-optic 
Coefficients 

In this paragraph we will develop a method based on ellipsometry to obtain the 
electro-optic coefficients of a layer. The essence of ellipsometry is that perpendic
ular and parallel polarised light reflects with a different amplitude and phase [9]. 
A polarizer is positioned such that the light passing through it becomes polarised 
at 45° with respect to the plane of incidence. The light is reflected at the sample 
and has an elliptical polarization because of the difference in amplitude and phase 
of both polarizations. A compensator adjusts the phase difference between the po
larizations so that the light becomes linear polarized. An analyzer is placed after 
the compensator. Fig. 6.1 gives a schematic view of the ellipsometer. The ellip
sometric measurement is performed by rotating the compensator and measuring 
the signal at the detector placed behind the analyzer. The unknown parameters 
of the multilayer can be derived combining the measurement and a model for the 
reflection 

The lightpath through the ellipsometer is modelled by regarding the phase 
changes of the optical electric field while passing through the ellipsometer ele-
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ments. Each phase change and rotation of an element is written in matrix form. 
The final strength of the optical electric field is simply obtained by multiplying 
the matrices. We start with the light that is reflected at a sample. The amplitude of 
parallel component of the electric field is denoted by Rp and the phase by Pp. The 
amplitude and phase of the perpendicular component are respectively Rs and Ps. 
The polarizer is positioned at 45° so that the vector of the electric field is given by 

(6.1) 

The compensator is a quarter wave plate. To describe the phase change of a com
pensator, with its optical axes under an angle .p with respect to the polarizations 
of the light, we rotate the polarizations over .p, delay the parallel polarization by 
a quarter lambda, and rotate the polarizations back. The first rotation matrix is 

Rotl( ) = ( c?sqJ - sinqJ ) 
qJ sm cp cos qJ (6.2) 

the delay matrix is 

l-

( 

.7r 

D(qJ) = e 02 (6.3) 

and the back rotation matrix is 

Rot2(qJ) = ( CO~ql sinqJ ) (6.4) 
- Slllql COS(/) 

The analyzer is rotated over an angle ~ and this rotation is described by the rotation 
matrix 

RotA(~)= ( c?s~ -sin~ ) 
sm~ cos~ 

. (6.5) 

and the analyzer matrix is 

A=(~ 6) (6.6) 

The optical electric field at the detector is obtained by the multiplication of the 
matrices 

Det(~. qJ) =A· RotA(~) · Rot2(cp) · D · Rotl(qJ) · R (6.7) 

The intensity at the detector is the electric field times its complex conjugate. 

/(~. qJ) = Det(~, qJ) · Det(~. qJ) (6.8) 
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Figure 6.2: Reflection ofparallel polarized light. the parameters are ex
plained in the text 

6.3 Reflection at Birefringent Layers 

For the reflection at a birefringent multilayer a model will be set up that includes 
multiple reflections. As for the ellipsometer, the lightway through the multilayer 
is described in matrix form. Each interface and layer has a corresponding ma
trix. Let us start with the reflection of parallel polarised light. Fig. 6.2 gives a 
schematic view of this reflection. A beam with index i is incident at an interface 
at an angle ~1· A beam r is reflected, t" transmitted and b is a re-incident beam e.g. 
from a reflection at another interface. We will define x as the direction along the 
interface in the plane of incidence, y parallel to the interface and z perpendicular 
to the interface. The relation between the incoming an reflected component of the 
dielectric displacement are derived using the boundary conditions. The parallel 
component of the electric field is continuous at the interface, therefore 

. D; D, Dt Db 
- 2- cos(~t) - - 2- cos(~I) = - 2- cos(~2) - 2 cos(~2) (6.9) 
n~ n~ n~ n~ 

where D is the dielectric displacement, n1x and n~ are the refractive indices par
allel to the interface in respectively medium 1 and 2 and ~~ and ~2 the angle be
tween the propagation direction and the normal to the interface. Another boundary 
condition is the continuity of the parallel component of the magnetic field at the 
interface. From the Maxwell equations, it can be derived that k x H = wD, where 
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k is the propagation vector. This results in 

D; Dr Dt Db 
-2- + -2- = -2- + -2- (6.10) 
nleff nleff n2eff n2eff 

where neff is the effective refractive index along the path of the light. It is impor
tant to notice that this is not one of the refractive indices along the optical axes. 
This is also shown by using the continuity of the perpendicular component of the 
dielectric displacement 

D; sin ~~ + Dr sin ~~ = Dt sin ~2 + Db sin ~2 (6.11) 

Snell's law gives nt sin~~ = n2 sin ~2. inserting this in (6.11) this equation be
comes equal to (6.10). The refractive indices used for Snell's law are the effective 
refractive indices, thus in (6.10) the effective refractive indices must be used. The 
effective refractive index for parallel polarised light is obtained from 

1 
-2-
neff 

(6.12) 

The incident and reflected components of the dielectric displacements of parallel 
polarised light are derived from (6.9) and (6.10) and as a function of the transmit
ted and re-incident components in matrix form expressed by 

( 

n teff nix cos ~2 n leff nix cos ~2 ) -+--- ------
D; _ ! n2eff n~ cos~~ n2eff n~ cos~~ Dt (DJ - 2 n1df _ nIx cost'' n Idf + n lx cos 1?2 (D.) 

n2eff n~x cos ~1 n2eff n~x cos~~ 

(6.13) 

The same boundary conditions as for parallel polarized light are applied to 
perpendicular polarised light. In matrix form the dielectric displacement is ex
pressed by 

( 

2 2 -~) n lz n teff cos ~2 nlz n teff cos v2 -+--- -----
D; 1 n~ n2eff cos ~1 niz n2eff cos~~ Dt (D,) = 2 nl: _ nloffCOS!?t nl, + n,.,cos!?, (D.) 

niz n2eff cos ~~ niz n2eff cos ~~ 

(6.14) 

The lightway through a layer is also described by a matrix 

(6.15) 
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ATO 

relaxed 
BaTi~ 

Figure 6.3: The multiple reflections in the structure. 

where A. is the wavelength of the light, n the effective refractive index and s the 
effective pathlength defined by s = d cos {}, with d the thickness of the layer. By 
multiplying the consecutive interface and layer matrices, a matrix is calculated for 
the total reflection as a function of the transmitted in back coming beam. 

6.4 Ellipsometric Determination of the Refractive Indices 
and Thicknesses of the Multilayer 

To determine the electro-optic coefficients of a BaTi03 layer the following struc
ture has been used. A BaTi03 layer of nominal 620 nm thickness (obtained by 
X-ray measurements) has been grown on a Lao.sSro.sCo-03 layer that is on top 
of a SrTi03 substrate. An antimony doped tin oxide (ATO) dot of nominal 140 
nm thickness is grown on top of the BaTi03 layer as a transparent contact. The 
sample structure is given in Fig. 3. This structure has been used to determine the 
electro-optic coefficients of a BaTi03 layer. The electro-optic coefficients will be 
calculated from the reflectance change when an electric field is applied between 
the ATO and Lao.5Sr0.5Co03 contact. Before the electro-optic measurement is 
performed, first the reflectance will be measured as a function of the compensator 
angle. The refractive indices and layer thicknesses that are unknown can be ob
tained from a fit to the data, using the model described in the previous paragraph. 

The light from a 633 nm helium neon laser is chopped at 83 Hz. Using a 
beam splitter, part of the beam is directed to a photodiode to monitor the stability 
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Table 6.1: The reflection fit parameters at 633 nm 
layer thickness (nm) refractive index 
ATO 142± 1 1.95 ± 0.01 I 
BaTi03 641 ± 1 2.41 0.003 (ordinary) i 

2.36 ± 0.003 (extraordinary) 
. Lao.sSro.sCo03 17 ± 1 2.05 + 1.87i ± 0.04 + O.li 
1 

SrTi03 2.39 [13] 

of the laser. The other part is reflected at the sample and detected by a photodiode 
biased at 9 V. The voltage drop of the photocurrent that passes through a 100 kO 
resistance is measured by a lock-in. The light is focussed to a 100 11-m spot at the 
sample to minimize influences of varying layer thicknesses. The points in Fig. 4 
represent the measured reflectance as a function of the compensator angle. The fit 
to the measurement is given by the dotted line. Table 6.1 gives the fit parameters. 
These parameters will be used to fit the reflectance change by the photorefractive 
effect. Since the SrTi03 substrate is about 1 mm thick, reflections of its bottom 
surface do not play a role. Fig. 4 shows that the matrix model is able to fit the 
data well, which is an indication of a layer thickness that is constant over the light 
spot. 

The measurement is not able to make a distinction between the relaxed and 
strained BaTi03 layer, because there is almost no difference in the refractive in
dices. The presence of the strained layer will become evident in the electro-optic 
measurement. 

6.5 Electro-optic Coefficients of Strained Layers ofBaTi03 

In order to determine the electro-optic coefficients, we will fit the measurement 
of the reflectance change. A refractive index change caused by an electric field is 
introduced in the reflection model. The refractive index change in the plane of the 
BaTi03 film is 

(6.16) 

and perpendicular to the plane 

(6.17) 

where n3 and r33 are the electro-optic coefficients that couple an electric field 
along the c-axis to a refractive index change, Ex and Ez are the electric fields 
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Figure 6.4: The reflectance as a function of compensator angle. 
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along the x and z axis. The refractive index change is modelled by calculating the 
difference in reflection with and without electric field in the BaTi03 layers. The 
electric fields in the strained and relaxed layers are calculated taking into account 
that the impedance of the strained layer is much larger than that of the relaxed 
layer. 

A block shaped voltage with an amplitude of +2 V at 83Hz is applied to the 
transparent ATO contact. 

The reflectance change as a function of the compensator angle is shown in 
Fig. 5. It is only possible to fit the measurement when a highly resistive strained 
layer of 7 nm is assumed to be present. The fit is given by the dotted line and 
agrees well with the measured reflectance change. The electro-optic coefficients 
derived from the fit are given in table 6.2, in which, for comparison, also the 
bulk electro-optic coefficients are given. The fit is the most sensitive to the r33 

coefficient of the strained layer because of the large electric field in that layer. 
The sensitivity to the coefficients of the relaxed layer is much weaker. 
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Table 6.2: electro-optic coefficients of Ba1i03 
coefficient experimental value(pmf V) theoretical value(pmf V) 

r33 bulk 108 ± 5 [11] 97 
rn bulk 7 ± 1 [11] 8 
r33 strained 15.4 ± 3 22 
rB strained 0.5 ± 1 1.6 
r33 relaxed 19.6 ± 5 
rB relaxed 5.6± 1 

Didomenico et al. [10] derived the following expression for the electro-optic 
coefficients as a function of dielectric constant fc and polarization P5 

(6.18) 

r33 = 2gu €o( fc - 1) Ps (6.19) 

with gu and 812 the quadmtic electro-optic coefficients being respectively 0.17 
m4c-2 and 0.013 m4c-2 [12]. In the bulk the dielectric constant along the c
direction is 130 [14], the polarization is 25 JLCcm-2 [15]. The resultant theoret
ical electro-optic coefficients are rB = 8 prnN and r33 = 97 pmN. These agree 
well with the coefficients measured by the group of Gufiter [11]. For the calcu
lation of the strained layer electro-optic coefficients, the dielectric constant and 
polarization of the strained layer have to be inserted. In paragraph 4.5 we found 
an experimental value of 22 for the dielectric coefficient and in paragraph 5.4 we 
calculated a value of 21. The value ·of the polarization using the elastic Gibbs 
function is 38 JLCcm-2, giving an r33 of24 prnN and an r13 of 1.6 prnN, which 
are much closer to the fitted values. The value we fitted for the r 13 coefficient 
is relatively inaccurate because the large r33 coefficient dominates the fit. The 
theoretical values of the electro-optic coefficients of the relaxed layers are not cal
culated, because the X-ray data presented in chapter 4 indicate that this layer is not 
a single crystal. In fact, because of relaxation, this layer may be effectively a com
posite of various small layers. This is confirmed by the electro-optic coefficients 
obtained from the fit, which are much smaller than that of a bulk crystal. 

An alternative way to obtain the theoretical electro-optic coefficients would 
be to use the bias dependence of the capacitance to calculate the spontaneous po
larization, as is done on chapter 4. In this chapter it was seen that the total charge 
at the strained-relaxed layer interface of 5 JLCcm-2• This being a combination of 
the polarization charge and compensating charge trapped at the interface. Using 
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this interface charge as the polarization in the strained layer, the calculated r33 is 
3 pm/V and the r 13 is 0.2 pmiV. 

In summary, we have developed a model to describe the reflection at a bire
fringent multilayer. This model has been used in combination with ellipsometry to 
determine the electro-optic coefficients of a strained BaTi03 layer. The electro
optic coefficients of a strained layer are smaller than that of an unstrained bulk 
crystal and in agreement with a calculation based on data predicted by the elastic 
Gibbs function model. 
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Chapter7 

Local oxidation of a hydrogen 
passivated Si surface by UV 
illulllination 

Ultraviolet light is used to remove hydrogen from a hydrogen passivated silicon 
surface. An oxide layer is formed. The oxide acts as an etching mask. This 
process is used to make structures in silicon. Narrow lines are made by exposing 
the passivated silicon to an UV interference pattern 

7.1 Hydrogen passivation as optical resist 

The fonner chapters considered electro-optic materials for the writing of electro
optic gratings. In this chapter we do not describe electro-optic gratings, but ma
terial gratings. We report on the high resolution patteming of a silicon surface 
using the hydrogen passivation layer as a resist for an ultraviolet interference pat
tern. Besides optical lithography also scanning probe and e-beam lithography can 
be used to structure a silicon surface, but the advantage of using optical lithog
raphy is that a large area can be patterned in a relatively short time. A hydrogen 
passivated silicon surface is chemically modified by illumination with ultra violet 
light (UV, A-=350.7 nm) in air. Auger electron spectroscopy (AES) revealed that 
silicon oxide is fonned at the illuminated areas. A light interference pattern was 
made on the silicon surface by two UV laser beams, oxidation was found to occur 
only at the maximum intensity, but not at the minimum. In this way oxide lines 
have been fabricated with a width below 200 nm on a 500 nm period. The oxide 
lines were used as a wet etching mask to etch at least 25 nm into Si(llO) without 
affecting the oxide. This simple process allows the high resolution patteming over 
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large areas of silicon without using a conventional thick organic resist layer. 

7.2 Holographic patterning of hydrogen passivated sili
con 

The silicon samples were prepared by cleaning.in trichloroethylene, acetone and 
ethanol, followed by a 30seconds dip in diluted hydroftuoric acid (HF, 10% di
luted in water) to passivate the surface with hydrogen. The passivated surface 
is stable against oxidation in air for at least two hours. A Si(l 00) sample was 
illuminated in air with 350.7 nm light from a krypton laser. The light power 
was 150 m W, illumination time 15 minutes and the beam diameter approximately 
0.5 mm. After illumination the sample was investigated with a scanning Auger 
microscope (Perkin-Elmer PHI 670 Nanoprobe). The time between the HF dip 
of the sample and introducing the illuminated sample in the UHV system for the 
Auger analysis was one hour, keeping the oxidation of the surface due to exposure 
to air to a minimum. Figure 7.1 shows two Auger spectra, one of the illuminated 
area (labelled ' illuminated'), and the other of an unilluminated area (labelled 'u
nilluminated') on the same sample. The illuminated area shows a peak at 92 e V, 
the pure silicon peak from crystalline silicon, and a peak at 76 e V, the chemically 
shifted silicon peak from Si02• At 500eV a large oxygen peak is present. On 
the unilluminated area the pure silicon peak is very large, while the shifted sili
con peak from Si02 is only very small. The oxygen peak at 500eV is also much 
smaller, indicating that less oxide is present. The presence of some oxygen on the 
unilluminated area is presumably caused by the presence of OH groups at the sur
face [1]. From these spectra it can be concluded that a thin Si02 layer is formed 
when a hydrogen terminated Si surface is illuminated with UV light in air. 

In order to demonstrate that UV light induced oxidation can be used to pat
tern a Si surface over a large area with high resolution, we illuminated a Si(llO) 
sample by two interfering UV laser beams using a 50/50 UV light beam splitter. 
The interference fringe spacing (A) is given by A./ (2 sin 0), where A. is the wave
length of the light (350.7 nm) and 0 is the half angle between the two laser beams. 
For a sufficiently long exposure time, oxidation will only occur at the maximum 
intensity, but not at the minimum. In this way silicon oxide lines can be made 
on the sample over a large area. In figure 7.2 a schematic drawing of the set-up 
is given. After the illumination the sample was etched with tetra methyl ammo
nium hydroxide (TMAH, 40% diluted in water, at 75°C) for 10 seconds. TMAH 
is a very selective anisotropic etchant, the silicon etching rate is much higher than 
the silicon oxide etching rate [2, 3]. The oxide lines were written along the Si 
[1 I 2] direction, as the Si etch rate is the lowest in the [ 111] directions, the side-
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Figure 7.1: Auger spectrum of an illuminated (A.=350. 7 nm) hydrogen 
passivated silicon surface (top spectrum) and an unillumi
nated silicon surface (bottom spectrum). 
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Figure 7.2: Schematics of the set-up. The UV light beam from the laser 
(L) is directed via a mirror (M) through the 50150 beam split
ter (B). The beam splitter splits the beam into two beams that 
that overlap under an angle {) at the position of the sample 
(Si). The resulting interference pattern, with grating distance 
A, oxidizes the hydrogen passivated silicon surface only at 
the maximum intensity (bottom drawing). 
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Figure 7.3: SEM images of silicon oxide lines on Si(ll 0) fabricated by 
laser interference after wet etching with TMAH. The grating 
spacing is 1000 nm in the left image and 500 nm in the right 
image. 
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walls are perpendicular to the surface. Scanning electron microscope (SEM) and 
AFM images were made after the etching. Figure 7.3 shows SEM images of the 
patterns after etching with TMAH. Figure 7.3a shows a perfectly regular line pat
tern. The distance between the lines is about 1000 nm and the line width is about 
500 nm. Figure 7.3b shows a line pattern fabricated with a larger angle between 
the two UV laser beams, so that the grating spacing is 500 nm. The laser beam 
has a Gaussian-like shape, therefore the maximum intensity of the interference 
pattern is not uniform over the whole_ area. This is clear in the SEM image 7.3b. 
The oxide lines near the bottom are wider than the lines near the top of the im
age, because there the maximum intensity is higher than near the top. To verify 
that trenches have been made in the silicon, AFM images were made. Figure 7.4 
shows an AFM image of the oxide lines after the wet etching. The line pattern 
with a 500 nm period is clearly visible in the topography, evidently the oxide is 
thick enough to act as an etching mask. Figure 7.5a shows an AFM height profile 
of the lines, demonstrating that at least 25 nm Si has been etched. The line width 
is estimated to be 300 nm wide, but this is not very accurate because the height 
profile is a convolution of the surface topography and the shape of the AFM tip. 
Figure 7.5b shows a height profile of oxide lines made with a lower maximum in
tensity. These oxide lines are significantly narrower than the lines in figure 7.5a, 
we estimate the width of the lines to be below 200 nm. 

In the following we discuss the mechanism of the UV light induced oxida
tion. At first sight, heating of the surface by the laser beam might be important. 
However, with a simple calculation we estimate the temperature rise, due to heat-
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Figure 7.4: AFM image (3x 3 JLm 2 scan) of silicon oxide lines made with 
laser interference on Si(llO), after wet etching with TMAH. 
The grating spacing is 500 nm. 
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Figure 7.5: AFM height profiles of silicon oxide lines on Si(llO) made 
with laser interference after a wet etch with TMAH. The light 
intensity used to make the lines of profile (a) was higher than 
for the lines of (b). 



7 .2. Holographic patteming of hydrogen passivated silicon 83 

ing by the laser, to be less than 25°C. Such a temperature rise is not expected 
to cause the oxidation in this period of time, because much higher temperatures 
are required to get significant oxidation (typically 7000C or more [4]). It is well 
known that ozone rapidly reacts with a hydrogen passivated silicon surface form
ing a thin silicon oxide layer. Ozone can be formed in air by the reaction of oxygen 
radicals with Oz. The oxygen radicals are produced by the decomposition of 0 2 
under influence of UV radiation. The binding energy of the 0-0 bond in oxygen 
is 5.16 e V, thus to break this bond a photon energy of 5.16 e V or more is required. 
This energy corresponds to a wavelength of 240 nm or less. We use UV light with 
a wavelength of 350.7 nm. Hence, the formation of ozone (or oxygen radicals) in 
the laser beam and the consecutive oxidation of the silicon can be excluded. 

In order to investigate the importance of the photon energy, we illuminated 
a hydrogen passivated silicon surface with laser light with a longer wavelength 
(514.5nm). The exposure was at least 10 times higher than in the UV light ex
periments, but no oxidation could be observed. This strongly suggest that the 
photons must have a sufficiently large energy to induce the oxidation. The Si-H 
binding energy is approximately 3 e V and the photon energy of 350.7 nm light 
is 3.5 eV. The photon energy of 514.5 nm light, which caused no oxidation, is 
2.4 e V. We therefore propose the following reaction mechanism. If the photons 
have enough energy they can directly break the silicon-hydrogen bonds at the sur
face. Once the silicon dangling bonds at the surface are no longer passivated, 
they are highly reactive. The silicon is kept in air, thus as soon as the hydrogen 
passivation is removed the surface will react with the oxygen or water molecules, 
forming a thin (native) oxide layer. The thickness of the oxide that is formed by 
the UV illumination can be estimated from the Auger spectrum [8], . The ox
ide thickness as a function of the illumination time has been determined by the 
following experiment. A hydrogen passivated Si(100) sample was illuminated 
with UV light (intensity 10Z W/cm2) for 5, 10 and 15 minutes, immediately af
ter the exposure the sample was examined with the scanning Auger microscope. 
From the Auger spectra, the oxide thickness was found to about 1 nm for the 5, 
10 and 15 minutes illumination, within the measurement accuracy. This thickness 
is roughly the same as that of a native oxide. This supports our assumption that 
after the hydrogen has been desorbed, a native oxide is formed and that oxidation 
is not further enhanced by the UV illumination. We proposed that the hydrogen 
desorption is caused by a direct interaction of a photon and the Si-H bond. An im
portant parameter that can be used to check this hypothesis is the exposure time 
that is required to desorb the hydrogen. In order to study this parameter we used 
a 40nm film of hydrogenated amorphous silicon (a-Si:H) deposited on a glass 
substrate. We use a-Si:H and not c-Si because is it much easier to determine the 
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Figure 7.6: The inverse of the minimal exposure time as a function of the 
laser intensity. The minimal exposure time is defined as the 
illumination time required to form a sufficiently thick oxide 
on a-Si:H to withstand the wet etching. 

threshold exposure time on a-Si:H. After etching, the a-Si:H dots on the glass 
substrate can clearly be seen optically. We do not expect a large difference in 
the photo-chemistry of a-Si:H and hydrogen passivated c-Si, as in both cases Si-H 
bonds are broken. With the UV laser dots are written on the surface using different 
laser intensities and illumination times. After the exposure the sample is etched in 
1MAH for 5 seconds, this is long enough to remove 40 nm a-Si: H. At the places 
where a sufficiently thick oxide has been formed the a-Si:H is not etched and can 
clearly be seen optically. From these experiments the critical exposure time can 
be determined as a function of the laser intensity. In figure 7.6 we plotted the 
inverse of the required exposure time ( r) as a function of the laser intensity per 
unit area (1). If the desorption probability is independent of the intensity, which 
is expected in case of a direct interaction of photon and Si-H bond, 1/r should 
scale linearly with the laser intensity. This is observed within the accuracy of the 
measurement The solid line represents a fit to the equation 1/r = fJ x I, with fJ 
equal to 1.4810-4 cm2/J. The critical exposure dose (=1/ {J) is 6.810" J/cm2. This 
is very large compared with conventional organic resist layers, which have a typi
cal sensitivity in the order of 100 mJ/cm2• Part of this difference can be attributed 
to the difference in resist layer thickness (,...., 1 J.Lm for a conventional organic re
sist layer and about 5 A for the hydrogen passivation layer). In conclusion, we 
have demonstrated that a hydrogen passivated silicon surface can be oxidized by 
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illumination with UV light in air. An interference pattern has been used to make 
oxide lines on Si, oxidation occurred only at the maximum intensity, not at the 
minimum. The oxide lines were used as a wet etch mask, the width of the lines 
which could be made was below 200 nm. It is a very simple process that allows 
the high resolution patterning of a si~icon surface. Oxide lines can not only be 
used to structure a silicon substrate, but could also be used to pattern a thin film 
of amorphous silicon [3, 5] or the oxide patterns can act as a mask for selective 
metal deposition [6, 7]. The oxidation mechanism seems to be caused by a direct 
interaction of the photon and the Si-H bond, the photon energy is enough to des
orb the hydrogen. After the desorption the silicon surface immediately reacts with 
the water or oxygen molecules in the air, forming a thin oxide layer. 
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Conclusions 

The basis of the photorefractive effect is that two interfering laser beams illumi
nate a material and, by means of charge excitation and trapping, create an electric 
field which has the same period as the interference pattern. This electric field 
causes a refractive index modulation that acts as a grating on incident reading 
beams. In this thesis the road to a multilayer photorefractive device is described. 
The basic idea is to separate the photorefractive functions as grating build-up and 
electro-optic effect. This concept is analyzed theoretically in more detail in chap
ter 2, by presenting a structure consisting of a photoconductor on top of an electro
optic crystal. 

Two interfering laser beams write an electric field in the photoconductor and 
this electric field penetrates into the electro-optic layer where it changes the re
fractive index. The strength of this electric field has been calculated, taking into 
account the anisotropic permittivity of the electro-optic crystal. The diffraction 
efficiency of a grating in this photoconductor/electro-optic crystal is calculated in 
the case of BaTi03 as the electro-optic crystal, and compared to the case of bulk 
BaTi03 . The diffraction efficiency of the photoconductor/BaTi03 crystal is equal 
to that of a bulk crystal and has a faster build-up, but, because the grating has only 
a small depth in the electro-optic crystal, is observed under a much wider angle 
than the Bragg diffraction of the bulk crystal grating. 

The photorefractive effect at the interface with an electro-optic crystal is ex
perimentally described in chapter 3. A line pattern is structured on top of an 
electro-optic crystal. A positive and negative voltage is alternately applied to the 
consecutive lines, causing a modulated electric field that also penetrates in the 
electro-optic crystal. The refractive index in the electro-optic crystal is changed, 
and an incident beam is diffracted. 

BaTi03 seams to be very promising as the electro-optic material because 
of its large electro-optic coefficients. In chapter 4 it is described that thin lay
ers of BaTi03 are grown on top of a substrate of SrTi03 and a buffer layer of 
Lao.sSro.5Co03. The parallel and perpendicular lattice parameters have been de
termined by two dimensional X-ray diffraction. It appears that the parallel lattice 
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parameters of very thin BaTi03 layers are equal to that of the substrate. In addi
tion, the impedance shows as a function of frequency a curve that is typical for 
two RC circuits in series. We conclude that upon growing on a slightly smaller 
substrate BaTi03 splits up into a thin layer strained at the substrate and a thick 
relaxed layer. The dielectric constant and resistance are not the same in both lay
ers. This shows that it is important to characterize thin layers as a function of 
frequency, because otherwise the splitting of the layer is not seen. 

The dielectric constant of the thin layer is seven times smaller than that of the 
bulk. To investigate whether this is the result of strain and stresses in the layer, a 
thermodynamic model based on the elastic Gibbs function is used and optimized. 
The Gibbs function is expanded as a function of the internal polarization. It is 
indeed possible to explain the enormous decrease of the dielectric constant as a 
function of strain and it is predicted that the dielectric constant will increase when 
the layer is stretched. The capacity of the strained BaTi03 layer has also been 
measured as a function of temperature. In contrast to bulk crystals, the strained 
BaTi03 layer does not show a phase change, which is confirmed by the thermo
dynamic model. 

In chapter 6 it has been described how the electro-optic coefficients of the 
strained BaTi03 layer are determined by ellipsometry. To derive the coefficients 
from this ellipsometric measurements, a model for reflection at birefringent me
dia is presented. The ellipsometry shows that the electro-optic coefficients are 
significantly lower under the influence of strain. 

In addition to the photorefractive effect and the BaTi03 layers, a different 
way is presented to create thin layer gratings. When hydrogenated silicon is il
luminated by ultraviolet light, the hydrogen-silicon bond is broken. This opens 
the way for oxygen to bind with silicon. By illuminating a hydrogenated silicon 
surface by an ultraviolet interference beam, silicon oxide will grow at the maxima 
and the surface will be unchanged at the minima. A following etching step shows 
that the oxide acts as a mask and the surrounding silicon is etched away. In this 
way lines of 200 nm width have been written. 



Samenvatting 

Dit proefschrift beschrijft de studie naar materialen die het mogelijk maken met 
behulp van licht een tralie te schrijven in dunne lagen. Het fenomeen dat met 
behulp van interfererende lichtbundels een tralie in een materiaal kan worden ge
schreven is bekend als het fotorefraktieve effect. Dit effect is er op gebaseerd 
dat twee interfererende laserbundels een materiaal belichten en daar door midde1 
van ladingsexcitatie en recombinatie een elektrisch veld veroorzaken dat dezelfde 
periodieke modulatie heeft als het interferentie patroon. In elektro-optische mate
rialen geeft dit elektrische veld een brekingsindex modulatie die een traliewerking 
heeft. Een van de nadelen van het fotorefraktieve effect in elektro-optische ma
terialen is dat de opbouw van het tralie zeer langzaam is omdat deze materialen 
licht nauwelijks absorberen. De aanzet tot dit proefschrift is het idee dat het fo
torefraktieve effect versneld kan worden als achtereenvolgens de funkties van de 
opbouw van het elektrische veld en het elektro-optische effect worden geschei
den. In hoofdstuk 2 wordt dit idee verder uitgewerkt door te kiezen voor een 
fotogeleidende laag bovenop een elektro-optisch kristal. 

In de fotogeleidende laag wordt met interfererende laserbundels een elek
trisch veld geschreven en dit elektrisch veld lekt door in het elektro-optische 
kristal waar de brekingsindex verandert. De grootte van het elektrische veld in 
het elektro-optische kristal is uitgerekend, ermee rekening houdend dat elektro
optische materialen een anisotrope dielektrische konstante hebben. In het ge
val van BaTi03 als elektro-optisch kristal is de buigings efficientie aan het tralie 
van de fotogeleider/BaTi03 struktuur vergeleken met die van een tralie in bulk 
BaTi03. De buigings efficientie van de bovenstaande struktuur is in dezelfde orde 
van grootte als die van de bulk, maar wordt sneller opgebouwd en is, omdat het 
tralie aan het grensvlak met de fotogeleider relatief ondiep in het elektro-optische 
kristal doordringt, onder een veel bredere hoek te observeren dan de Bragg dif
fractie van een tralie in de bulk. 

Het principe van het fotorefraktieve effect aan een grenslaag met een electro
optisch kristal wordt experimenteel gei1lustreerd in hoofstuk 3. Bovenop een 
elektro-optisch kristal is een lijnen patroon aangebracht. Op de naast elkaar lig-
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gende lijnen wordt afwisselend een positieve en negatieve spanning aangelegd. 
Dit geeft een afwisselend elektrisch veld tussen de lijnen dat ook in het daaronder 
gelegen elektro-optische materiaal doordringt. De brekingsindex in het elektro
optische kristal verandert parallel aan het elektrische veld en een lichtbundel die 
op het kristal valt wordt door dit brekingsindex patroon afgebogen. Dit is nog met 
het oog zichtbaar. 

Als elektro-optisch materiaallijkt BaTi03 zeer geschikt omdat het hoge elektro
optische konstanten heeft en het, gezien de rooster parameters, als dunne laag op 
een substraat kan worden gegroeid. In hoofdstuk 4 worden daarom dunne la
gen van BaTi03 beschreven die met gepulste laser depositie op een substraat van 
SrTi03 en een tussenlaag van Lao.sSro.sCo03 zijn gegroeid. Met twee dimensio
nale Rontgen diffractie zijn de loodrechte en parallele roosterparameters bepaald 
en het blijkt dat voor zeer dunne BaTi03 lagen de parallele roosterkonstante gelijk 
is aan die van het substraat, terwijl deze roosterkonstante voor dikke lagen die van 
de bulk benaderd. Daamaast laat de impedantie als funktie van de frequentie een 
curve zien die typisch is voor een serie schakeling van twee circuits met een weer
stand en een capaciteit parallel. Dit duidt erop dat een laag van BaTi03 bij het 
groeien op een substraat met een iets kleinere roosterparameter in het groeivlak, 
zich opsplitst in een laag die dezelfde roosterparameter heeft als het substraat en 
een laag die de bulk roosterparameters heeft. De dielektrische konstante en weer
stand zijn niet dezelfde in beide lagen. Hiermee is aangetoond dat het belangrijk 
is de impedantie van een dunne laag over een breed frequentie gebied te meten 
omdat anders over het hoofd wordt gezien dat een laag in sublagen kan zijn opge
splitst. 

De dielektrische konstant van de dunne laag die dezelfde parallele rooster
konstante heeft als het substraat is wel zeven keer kleiner dan die van de bulk. 
Om te bekijken of dit het gevolg kan zijn van spanningen in de laag, is een ther
modynamisch model op basis van de elastische Gibbs funktie gebruikt en geop
timaliseerd. In dit model wordt de Gibbs funktie ontwikkeld als funktie van de 
interne polarisatie. De coefficienten van het model zijn bepaald door gebruik te 
maken van experimentele gegevens van andere auteurs. Op basis van dit mo
del blijkt het inderdaad mogelijk de verandering van de dielektrische konstante 
te voorspellen en blijkt dat als het kristal wordt opgerekt, de dielektrische kon
stante toe zal nemen. De capacteit ~an de dunne BaTi03 laag is ook gemeten 
met toenemende temperatuur. In tegenstelling tot een bulk kristal, lijkt een dunne 
gespannen BaTi03 laag geen faseovergang te vertonen. Het thermodynamische 
model bevestigt dit gedrag. 

In hoofdstuk 6 is beschreven hoe met behulp van ellipsometrie de elektro
optische coefficienten van BaTi03 zijn bepaald. Om uit de ellipsometrie meting 
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deze coefficienten te berekenen. is eerst afgeleid hoe licht zich gedraagt bij inval 
op een dubbelbrekende laag. De ellipsometrie meting laat zien dat de r13 en r33 
elektro-optische coefficienten van BaTi03 onder invloed van de spanning signifi
cant kleiner zijn dan die van de bulk. 

In aanvulling op het fotorefraktieve effekt en de BaTi03 lagen is ook een 
andere manier gepresenteerd om dunne tralies te struktureren. Het blijkt dat als 
gehydrogineerd silicium met ultraviolet licht wordt belicht. de silicium waterstof 
binding wordt verbroken. Dit maakt de weg vrij voor zuurstof om zich met het 
silicium te verbinden. Als nu een gehydrogineerd silicium oppervlak met een 
ultraviolet interferentie patroon wordt belicht. zal op de plaatsen van de maxima 
siliciumoxide onstaan en op de plaats van de minima het oppervlak onveranderd 
blijven. Bij een volgende etsstap fungeert het oxide als etsmasker en wordt het 
omringende silicium weggeetst. Op deze manier zijn op silicium lijnen van 200 
nm geschreven. 
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1. De bewering van Yano et al., dat een barium titanaat laag die gegroeid 
is op een substraat met een kleinere roosterparameter in het groeivlak, 
over de gehele dikte dezelfde roosterparameter zal hebben, is onjuist. 

Y.Yo.no et o.l., J. Appl. Phys. 76 78SS (1994). 

2. Een component van de diiHektrische tensor van een ferroelektrisch 
materiaal kan significant vergroot worden door het op een substraat 
te groeien met een grotere roosterparameter in het vlak van groeien. 

Dit proefschrift, Hoofdstuk 5. 

3. De lokale STM ox.idatie techniek zal in een woestijn slecht werken. 
N. Kramer, M.R. van den Berg en C. Schonerberger, thin Sol. Films. 281-283 637 (1994). 

4. Het is niet zinvol om glasvezel versterkte composieten te maken in 
een biodegradeerbare matrix. 

5. De devaluatie van het Nederlandse onderwijs wordt des te schrijnen
der zichtbaar nu de commissie-Drenth eindexamen leerlingen met een 
gemiddeld eindexamencijfer van 7.4 en hoger als briljant bestempelt 

6. Het bestaan in Nederland van een instituut als de Academie Fran.-;aise 
zou menig controverse over de nieuwe spelling overbodig maken. 

7. De gang van zaken bij Sport 7 toont aan dat soms nog geluisterd 
wordt naar de stem des volks. 

8. Dat op een Nederlandse vinding als de klapschaats buitenlanders de 
grootste successen behalen is typerend voor hoe het Nederlandse vin
dingen vergaat. 




