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Anomalously Large Pockels Effect in ZnO-I¢
Single Crystalline Films Deposited on Bare Glass

1. Introduction

Waurtzite-like ZnO single crystals have hexagonal symmetry (space group
Ce') and due to the lack of a centre of symmetry, they can have good proper-
tics described by the third order polar tensors. Particularly [1] have found
a large electromechanical coupling caused by large piezoelectric effect, that is
just used in industry. Interesting pressure-temperature anomalies of optical
propertics were found by [15]. On the basis of general phenomenological con-
siderations, one can expect that these materials should also have good second-
order non-linear optical properties. Of particular interest is the linear electro-
optics effect (LEE), or Pockels effect described by the third-order polar ten-
sor. LEE can be enhanced both through the use of film interfaces, as well as
through appropriate doping. In order to find the appropriate doping, we ap-
plicd a complex approach including theoretical band structure (BS) and mo-
lecular dynamics (MD) simulations.

To evaluate the non-linear optical susceptibilities, particularly the rj ten-
sor components of the electrooptics effect, as well as the influence on them of
the interface and doping, carried out self-consistent band structure (BS) cal-
culations of the perfect and doped ZnO crystalline films. A separate topics
presents MD crystalline structure interface optimisation.
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The techniques used in the specimen preparation and for the Pockels
measurements are presented in Section 2. In Section 3, we present the results
of the BS calculations tooethel with the MD dynamics simulations of the in-
terfaces. The results of the BS simulations, as well as the evaluated Pockels
coefficients, are given in Section 4. We show that the Pockels effect is caused
both by ZnO-glass interfaces, as well as by fluorine doping. '

2. Experimental methods 3hoe, ST

2.1. Specimen preparation

The single ZnO crystalline films were deposited using a spray deposition
technique from an aqueous solution made up of ZnCl, (Zn™" concentration
= (.05 M) for the pure ZnO sample. For the doped specimens, the appropriate
solution was made up of ZnCl+NH,F (same Zn"" conc.) for ZnO:F (6%).

The substrate temperature was about T = 450°C. The thin films investi-
gated have a largely hexagonal-like structure and the preferred growth orien-
tation was (002) axis normal to the bare glass substrate plane. The particular

clectron microscopy measurements have shown that doping does not change
this orientation substantially.

Inhomogenuity was less than 7%. The crystallinity is very well defined
due to the relatively high substrate temperature favouring the formation of
pure material.

The reliability of the specimens was controlled on more than 200 speci-
mens and the measurement statistic was reproduced within the 1.2%.

2.2. Measurements technique

The measurements of the LEE tensor coefficients were conducted using the
traditional Senarmont method [3]. Light from a grating monochromator with
wavelength range 380 — 900 nm and power of about 8 — 14 mW was used as the
light source. The light intensity was stabilised within the 0.12%. The diameter
of the laser beam was equal to about 1.5 mm. A/4 plate was used for detection
of the crossed light. Precision of the birefringence evaluation was about 107,
making it possible to measure the LEE tensor component with accuracy of up (o
0.005 pm/V. The grating monochromator’s spectral resolution was approxi-
mately 0.4 nm/mm.
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3. Molecular dynamics interface optimisation on the ZnO crystal — glass
interfaces

Geometry optimisation of the film-glass interfaces plays a key role in un-
derstanding the origin of the effect described by third order polar tensors.

The structure and co-ordination bonding of the bare glass sheet touching
the ZnO polycrystalline film were optimised using molecular dynamics (MD)
structure optimisation. MD reconstruction of the glass Si-O sp’ — bonds
touching the ZnO wurtzite films was carried out.

The geometry optimisation of the reconstructed ZnO surfaces was started
from the interface between the bare glass substrate and ZnO film sheet back-
ground. The optimisation was begun from the fourth neighbouring layers (two
from the crystallite side and two in the direction of the bare glass substrate).
About 50-60 atoms from both sides of the interface were taken into account.
The MD procedure was carried out until the total energy minimum value for
a given cluster was the same as for the whole cluster (re-normalised per one
ion). At the second stage, the next crystalline layer of ZnO was considered,
and the procedure was repeated for the new total energy per ion. The iteration
process was repeated until the relative displacement of the ions for two suc-
cessive layers was less than 0.2 A. The latter one was limited by the frame-
work of the adopted model. More details are presented in the [2].

The structure of the surrounding (near-the-interface ZnQO) sheets was then
additionally optimised using ab initio Car-Parrinello molecular dynamics
(CPMD) [4] within a density functional theory (DFT) pseudopotential de-
scription. The functional used in the CPMD was of the Kleinman-Bylander
type [S]. The atom core positions and the plane wave (PW) expansion coeffi-
cients were treated as simultaneous dynamic variables. Simulations in this
approach were performed using super-cells containing 128 atoms with a PW
cut-off of 37 Ry. Periodic boundary conditions and I" point sampling of the
Brillouin zone (BZ) were used. The calculated total energies using [' (BZ)
point were found to be accurate with precision better than 0.05 eV per atom.
Martins-Trouiller pseudopotentials [6] in the Kleinmann-Bylander form were
used to represent the Zn and O ion cores. This pseudopotential was verified
for accuracy against silicon and germanium crystals.

At a PW cut-off of 40 Ry, the computed bond lengths agree with the ex-
perimental values. The so-called ,,liquid quench™ method was applied to pro-
duce the final network at each bare glass configuration. The relative stability
of the reconstructed interfaces was studied, in order to address the discrep-
ancy between the experiment and existing DFT-LDA calculations. The per-
formed by us evaluations have shown that the LDA approach underestimates
the ZnO bulk lattice constant by 1.54%, and the pseudopotential approxima-
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tion overestimates it by 0.18%. The best geometry corresponds to a lattice
constant of about a = 3.259 A, ¢ =5.2081 A.

Our calculations have shown that the near-the-interface ZnO region may
be considered like a reconstructed ZnO quantum confined surfaces deposited
on the bare glass. The optimised structural ZnO data are presented in Table 1.
Given that they are dependent on the distance from the ZnO layer-glass inter-
face, the appropriate results are presented in relation to the distance d between
the interface and actual ZnO layer.

TABLE 1. Changes in the effective structural parameters of the ZnO recon-
structed surfaces during the shift from the interface (bare glass-ZnO
crystallite) towards the deeper crystalline layers. The same parame-
ters for the F-doped ZnO are given in brackets

Distance d from the glass a[nm], ZnO-6H c¢[nm]
— ZnO interface [nm] (wurtzite structural component) |  (wurtzite structure)
0.2 2.889(4) (2.872) 5.515(2) (5.523)
0.4 2.916(3)(2.912) 5.486(1) (5.493)
0.6 2.937(1)(2.935) 5.450(6) (5.458)
0.8 2.956(5)(2.955) 5.412(4) (5.416)
1.0 2.974(4)(2.973) 5.378(2)(5.381)
1.2 3.002(2)(3.002) 5.267(3)(5.268)
1.4 3.112(4)(3.112) 5.134(9)(5.134)
1.6 3.251(1)(3.251) 5.209(3)(5.209)
1.8 3.258(6)(3.257) 5.2072(4)(5.207)
2.0 3.258(1)(3.258) 5.2071(0)(5.207)

One can see that the effective distance d for the Zn — O chemical bond
shows considerable changes during the shift from the ZnO-glass interface
towards the deeper ZnO layers. It is interesting that the ratio of the ¢/a in-
creases with the shift towards the interface. An additional increase of this
ratio is observed during the doping by fluorine.

For distances above 2 nm, the reconstruction of the ZnO wurtzite struc-
ture disappears and the bulk-like crystallite structure begins to dominate. In
Figures 1-3 the differential local charge density distribution in relation to the
distance d obtained by the method described above are presented. One can
clearly see substantial charge density redistribution determining the electronic
structure of the reconstructed ZnO surface. Because the thickness of the ZnO
crystallites is relatively large (about 1000 nm), in our case one can propose
a structural model similar to the ZnO wurtzite-like crystallites disturbed by
bare glass.
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In the Fig. 1-3 fragments of the local Zn —O charge density distribution
for near-the-surface crystallites without doping (see Fig. | and Fig. 2), as well
as after fluoridation, are presented (see Fig. 3). One can see that the interface
causes substantial redistribution of the charge density electrostatic potential.

Fig. 1. Distribution of the electrostatic potential for the ZnO pure films 0.2 nm bear the
bare glass interface before fluorine introduction

Fig. 2. Changes of local charge density distribution after introducing of the F for the
deep ZnO crystallites (larger than 2 [im)
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Fig. 3. Disturbances of the local Zn — O distribution due to influence of F at the distance
about 0.2 nm from the surface

The distances Zn — O — Zn show additional non-centrosymmetry in the
charge density distribution during the shift to the interface. Such disturbances
in the structure indicate two different contributions to the charge density non-
centrosymmetry, the first being linked to the presence of the ZnO™ interface,
and the second caused by the involvement of the F ions leading to additional
non-centrosymmetry. The output effect will be dependent on a sign and values
of particular contributions.

4. Band structure calculations

4.1. Criterion for choosing calculation technique

On the basis of the reconstructed ZnO structural fragments, one can ex-
pect the appearance of ZnO BS with substantially modified k-dispersion. Due
to varying effective lattice constants (see the former section) one can expect
the ¢xistence of modified BS dispersion and increasing effective energy gap
value.

There have been several works devoted to the BS calculations of perfect
bulk ZnO crystals [7]. The choice of BS calculation technique depends on the
kind of properties one wishes to simulate. As we were interested in simulations
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of optical behaviour, our main criterion was to achieve maximum agreement
between experimentally obtained optical parameters and those theoretically
simulated. We therefore applied the following BS approaches: self-consistent
full linear augmented plane wave approach within the local density approxima-
tion (FLAPW-LDA) [8,9], modified norm-conserving pseudopotential (NCPP)
[3], semi-empirical pseudopotential methods (SEPM) [10]. These methods
would seem to be the best of the BS calculation techniques available to date for
interpreting optical data. Thus we will briefly perform comparison ol the ob-
tained data with experimental ones in order to choose the more effective to
simulate the optical properties.

4.2. Norm-conserving pseudopotential method

The total energy of the crystalline system is expressed within a local den-
sity functional approximation (LDFA) with respect to the charge density p (r).
Electrostatic and exchange-correlation effects were taken into account.

A nonlinear extrapolation procedure was carried out for evaluations of the
weighting coefficients for the corresponding pseudo-wavefunctions, as well as
the corresponding derivatives, in a form convenient for analytic evaluations of
secular equation matrix elements, particularly:

z a r' expl Oz(' A) J (1)

where B denotes atom kind; / is the corresponding angular momentum; n de-
termines the level of precision of the nonlinear fitting procedure and n can
vary from | to 5. The coefficients a and o are fitting coefficients evaluated
using non-linear fitting procedure with precision of the fit less than 0.03 eV.

The pseudopotential was chosen in the form:

v =3 [P 4 248 exp-aP )] 2)

i=]

This technique for calculation of matrix elements is described in detail
elsewhere (see for example [2].

[a (k+G,,)/'>m—E(k)]5 +Z\ G G,,)g(G,, Gj‘

where E(Kk) is the eigenenergy for the k-point in the Brillouin zone (BZ),
G, .G,  are basis wavevectors of interacting basis plane waves. A structural
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form-factors for the atoms of 3 kind were expressed as follows:

where g”s’ are weighting factor determining the partial contributions of the
particular structural components (for every ZnO layers) to the total potential.
A similar approach for different structural fragments has been successfully
applied for binary solid alloys [11] glasses and organic materials [12,13]. One
can expect that this approach may be appropriate also for different disordered
and partially ordered solids including the ZnO and ZnO-F film interfaces in-
vestigated. As a consequence the reconstructed interface contribution is di-
rectly taken into account within the mentioned approach.

The special Chadhi-Cohen point method [8] was applied for calculations
of spatial electron charge density distribution. Secular equation’s diagonaliza-
tion procedure was carried out at special weighting points of the BZ for each
structural type.

Acceleration of the iteration convergence was achieved by transferring
84% of the (m—1)-th iteration result to the m-th iteration. The following con-
dition was taken as a criterion for self-consistency:

l(p’” i pmul )/ pm|<8 (5)

During the self-consistent calculations, the level of calculation error
(e was no higher than 0.12%). To see whether the results of BS calculations
depend on the choice of local structure optimisation, verifying calculations for
the pure ZnO and doped ZnO-F crystalline wurtzite-like film layers were car-
ried out. However, the main drawback of all one-clectron local density func-
tional-local density spin approach (LLDF-LDSA) calculations consists in an
underestimation of the band energy gap values. For this reason self-cnergy
correction renormalisation was performed [15.16].

As a ZnO basc BZ, a wurtzite-like hexagonal structure was chosen be-
cause this corresponds to the major structural cornponent of the investigated
films. Varying structural factors for the different layers and coming out from
the structural data obtained using the MD geometry optimisation (see Table 1)
the appropriate atomic positions were intreduced in the structural factors (see
Eq. 4).

To make the core-like state contributions more realistic, the norm-
conserving PP wavefunctions were modified additionally through their or-
thogonalisation to the LCAO wavefunctions as described by [13]. As a result, the
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total energy deviation during the self-consistent procedure in relation to the energy
cut-off and the Perdew-Alder screening parameter was stabilised to 0.22 eV.

4.3. Local-density-derived semi-empirical pseudopotential (SEPM)

As a second method for calculations of the structures, we applied the
modified semi-empirical pseudopotential (SEPM) approach introduced by
[17,18]. This approach was proposed explicitly for quantum dots, wires,
wells, and films—with typical linear dimensions of 2—-10 nm. In our case, the
thickness of the reconstructed ZnO layers was of the same order.

The SEPM approach is much faster than the self-consistent first-principle
methods used for bulk solids. Indeed, the Schroedinger equation is solved and
an efficient diagonalization method providing energy levels in a fixed ,,energy
window™ is available and appropriate. Unlike effective-mass-based ap-
proaches [16], this method uses explicit and variation flexible basis functions,
permitting a direct comparison of wave functions with the LDF studies when
available. However, unlike the LDF approach, the SEPM method provides
only BS information, transition probabilities, wave functions but not the
ground-state properties such as equilibrium structural geometry, which have to
be assumed at the outset.

The general sccular equation approach is similar to that described in
chapter 4.2.1. In the scalar local-density approximation (SLDA) the scalar-
relativistic atomic pseudopotential is obtained using the Troullier — Martins
procedure [6] to perform the core-like correction. A PW basis with a Kinetic
energy cutoff of 32.5 Ry was applied. The non-local part of the ionic pseudo-
potential V' was obtained numerically. It was kept unchanged during moving
from the LDA to the SLDA. The “small box™ implementation was applied to
handle the nonlocal part of the pseudopotential. This approach takes an ad-
vantage of the short-range nature of nonlocal part, and uses the PW basis set
with large momentum to expand it in Fourier space.

It is well known that the LDF band gaps are usually underestimated.
These were therefore adjusted to reproduce the experimentally observed BS
using self-energy corrections. The changes in the SLDA potentials are small
compared with the LDA results. Our calculations showed that sufficient sizes
of the secular matrix were achieved for the matrix sizes varying within the
120 - 260.

Since the final pseudopotential was rather smooth, a rapidly converged
PW expansion was possible. In fact using the efficient diagonalization method
and the full semi-empirical pseudopotential, the electronic structure of up to
a 90-atom ZnO supercluster could be calculated.
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4.4. FLAPW-LDA approach

Among the different BS calculation methods, the augmented plane wave
(APW) methods are very popular. One of the well known is a version
WIEN97 [19]. In the fully linear augmented plane wave local density ap-
proximation (FLAPW-LDA) and in accordance with the exchange-correlation
Hedin-Lundquist parameterisation was carried out. The ZnO PW basis set was
taken for the energy cut-offs of about 18 eV and potential representation about
01 eV. The expansion by angular-dependent spherical harmonics was done up
to the I<12. About 24 states were taken into account including 6 empty states,
with the criterion for the self-consistent eigenenergy value stabilisation about
0.012 eV. Summation within the BZ was performed at 12 special points of the
BZ [14]. All the core states (I/sO, IsZn, 2sZn,2pZn,3sZn, 3pZn,3dZn,
250,2p0) were recalculated during each iteration step. The Thomas-Fermi
screening potential was applied at the beginning, but was later successfully
replaced by the Engel screened functions. Additional corrections using the
eeneralised gradient approximation (GGA) [20] to prevent energy gap under-
estimation were undertaken.

The PW basis set was limited by wave vectors less than 9/R,,(R,,-muffin-tin
sphere radius). The pure ZnO crystallites required 1110 plane waves and ZnO-F
structural type needed 560. The radius of the Zn sphere was varied within the
range Ry, = 1.06 — 1.21 R,. The interacting spheres were chosen to be non-
overlapping (only touching). As core states, 1s O wavefunctions and 7,2 5,2p Zn
were taken. All the remaining orbital were considered as valence states orbital.

For numerical calculations of the total and partial density of states (DOS)
numerical simulations by tetrahedron method using 128 k points with the
energy resolution of 0.16 eV were carried out. The Zn, O and F atoms are
relatively light and the spin-orbit interaction was not taken into consideration.
For the classification of the BZ, the notation presented in Ref. 9 are given.

4.5. Results of the BS calculations

As an important criterion of an applicability of the concrete method, the
structural (see Table 2) parameters calculated by the different methods are
presented. One can see that maximum agreement between experimental and
theoretically calculated data is given by a modified NCPP approach. The
SEPM and FLAPW methods give results which substantially deviate from
experimental findings.

Typical fragments of the BS dispersions calculated for ZnO wurtzite
structure with and without fluorine modified by the near-the-interface struc-
ture are shown in Figures 4-5. One can see that for both methods, taking into
account the reconstruction surfaces leads to substantial deviations in the band
energy dispersions. Moreover in the case of the NCPP method (Fig. 5), we have
a substantial shift in the effective top of the valence band and conduction bands.
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Fig. 4. Band structure of the ZnO policrystalline films with disturbance by an interface
and fluorine (squares) calculated within the FLAPW method

E(eV)

Fig. 5. Band energy structure of the ZnO crystalline films doped by F on the glass
substrate calculated by NCPP method. By the solid line are indicated the
deviations connected with the influence of substrate
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The presentation is limited only by the NCPP as well FLAPW approaches
because the SEPM data give results substantially different comparing with the
experimental. One can see (cf. Fig. 4 and Fig. 5) substantial deviations of the
BS dispersion from the BS for the pure ZnO wurtzite-like crystals. For con-
venience, we show only deviations for the top of the valence band and the
bottom of the conduction band. The flatter bands suggest the particular role of
the reconstructed near-the-interface structure in the observed band structure
dispersion.

TABLE 2. Lattice constants for the 4H- and 3C-polytypes calculated by the diffe-
rent methods

Zn0 [A] Zn0O-F [A]
NCPP modified as in the present work 3.258 3.265
3.241 3:232
FLLAPW-LDA
SEPM 3.223 3.242
Experimental [obtained from experi- a=3.259; c=3.208 1 a=3.263 A;
mental diffraction c=5.2162 A

The modified NCPP method gave better agreement with experimental structural
data. Thus it was chosen as base for the simulation of optical properties.

5. Dispersion of refractive indices and electrooptics coefficients

At the beginning, calculations of the imaginary part of dielectric suscep-
tibility optical tensors were carried out in order to simulate linear and electro-
optic properties. The general calculation approach was applied using the cal-
culated matrix dipole moments obtained by the NCPP method. Additionally
performed numerical verification showed that nonlocal effects change the
average oscillator strength by up to 16%. The plasmon peak in the energy loss
spectra was shifted towards higher energies up to 1.8 — 2.6 eV. As a conse-
quence, all the calculations were carried out with the inclusion of the nonlocal
contributions. The real parts of the dielectric tensors were evaluated using
Kramers-Kronig dispersion relations. The reflectivity and energy loss func-
tions were obtained from Fresnel’s formula.

A crucial point in the calculations of the €,(E) was caused by precision of
the k-space integration. A linear tetrahedron method for the 312 k points in
the 1/48 irreducible part of the BZ was applied. In the present paper, during
the BS summation, 36 conduction bands were included in order to achieve
converged results. This convergence is a crucial point for the calculation of
the loss-electron spectra.
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The calculated data make it possible to estimate changes in the refractive
indices which correspond to the real part of €,(E). On the basis of the general
phenomenology, one can also expect substantial enhancement of the appropri-
ate Pockels tensor components. The data calculated using this method is
shown in Table 3.

TABLE 3. Evaluated values of the Pockels tensor components for different wave-

lengths
Alnm] ro[pm/V] 212[pm/V]

750 481 2.18
700 4.89 2.31
650 5.01 252
550 6.01 2.84
500 7.56 3.01
450 10.6 3.86
400 19.2 4.01

On Table 3, one can see substantial anisotropy in the tensor component distri-
bution. This reflects the specific contribution of interface and fluorine polarisation.

From Fig. 6 one can see that doping by fluorine favours an increase in re-
fractive indices connected with the additional anisotropy in the charge density
distribution. This fact reflects the particular role played by fluorine atoms in
the variation of the refractive index perpendicular to the optical axes.

WL[nm]
2.16

2.12 2
2.08
2.04
2.00

1.96

—o— VAR2
1.92
0.3 0.5 0.7 0.9 1.1 13 ~O VAR3

Fig. 6. Dispersion of ordinary refractive indeces for pure (0) and doped (OJ) crystallites
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Fig. 7. Spectral dependences of the r,,, for: ® — pure ZnO crystals; ® — ZnO films
deposited on bare glass substrate; x ----r,,, tensor component for the ZnO-bare
glass interface; x ----1,,, for the ZnO-F bare glass interface

Spectral measurements of electrooptics coefficients(see Fig. 7) confirm
the theoretical predictions (Table 3) that the doping by F leads to enhanced
electrooptics coefficients ry2,. Moreover, for wavelengths shorter than 420 nm,
an increase in the electrooptic coefficient is up to 17 pm/V. Such a huge in-
crease in the Pockels coefficient may open a new era in the design of thin-like
electrooptics light modulators for blue lasers. This suggests the important role
played by fluorine in the observed spectral dependences of the Pockels effect.
The anisotropy observed in the Pockels tensor components confirms the sub-
stantial anisotropy of the interface and fluorine contributions. The electroop-

tics reproduction was better than 1.2%.

Conclusions

We have theoretically predicted and experimentally proved a giant in-
crease (up to one order) in the linear electrooptics ZnO wurtzite films doped
by F deposited on the bare glasses. Using BS calculations, as well as molecu-
lar dynamics interface optimisation, we predicted that due to insertion of
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IF one could expect a substantial increase in the charge density non-centro-
symmetry on the interface between the bare glass substrate and the appropri-
ate film. We thus demonstrated the possibility of simultaneously using inter-
face non-centrosymmetry, together with the appropriate doping, in order to
enhance the electrooptics effect tensor coefficients.

This new phenomenon may provide a new approach for producing com-
petitive miniaturised electrooptics devices. The proposed theoretical approach
may be used for looking for new film-like crystalline materials with enhanced
second-order nonlinear optical properties.
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L)

Anomalously Large Pockels Effect in ZnO-F
Single Crystalline Films Deposited on Bare Glass

Summary

Large linear electrooptics (the Pockels effect) of up to 17 pm/V for the wave-
length 435 nm has been observed in ZnO films doped by fluorine and deposited on
bare glass. In order to describe the phenomenon observed, a complex approach, in-
cluding self-consistent band structure calculations together with the appropriate mo-
lecular dynamics simulations of the interfaces, was applied. The origin of the effect
observed is linked to substantial charge density non-centrosymmetry between the
wurtzite-like crystalline films and the bare glass substrate, as well as to additional
charge density polarisation caused by the fluorine.



