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A model for second harmonic generation in poled glasses
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Abstract. The microscopic description of the poling process allows us to describe the occurrence of second-
order nonlinear susceptibilities in thermally poled glasses. At high temperature and during poling, the ionic
impurities move towards the electrodes to screen the applied voltage. The high electric field appearing
at both interfaces of the sample can reorient polar and highly nonlinear moieties and induce a second-
order susceptibility. After poling, the reoriented molecules and induced charge distribution are frozen. The
latter creates a static permanent electric field which may result in an electric field-induced second-order
nonlinearity. This model makes it possible to optimize the induced nonlinearities.

PACS. 42.70.Ce Glasses, quartz — 42.65.Ky Harmonic generation, frequency conversion — 42.81.Dp Prop-

agation, scattering, and losses; solitons

Myers et al. [1] have observed with a Second Har-
monic Generation (SHG) experiment that large second
order nonlinearity (x®? ~ 1 pm/V) can be produced in
poled fused silica. This phenomenon has been evidenced
in many different glasses [2,3] and has attracted much
interest because of the new possibilities offered in mono-
lithically integrated nonlinear devices. Two mechanisms,

(if) = x®)Ep) and oriented

i.e. frozen-in electric field Ey (x,

dipoles (X((f)): have been assumed to explain this induced

nonlinearity [1,4,5]. It has been suggested that migration
of ionic impurities is responsible for the permanent electric
field Ey [1,4]. However, the proposed interpretations can-
not explain all experimental observations such as the non-
linearity location, poling time, temperature dependence,
etc. Up to now, no model describing these two mechanisms
and taking into account the microscopic characteristics of
the glass has been available. Therefore, the optimization of
the induced x? is difficult. Here, we present a microscopic
model of the poling process based on the migration of ionic
impurities. Our analysis, which is in good agreement with
most of the experimental observations, accounts for both

mechanisms ijf) = x® Ey and X((f)-

To model the poling process, the glass is assimilated to
a neutral “solid electrolyte” containing anions and cations
of respective concentrations Ny/z., No/z. and charges
—2za€, zce. These ions which are mainly due to ionic im-
purities or defects are mobile at high temperatures and
under high applied electric fields. Since the dimensions
of the electrodes are usually large compared to the glass
thickness L, the problem will be considered in unidimen-
sional terms along the x coordinate where x stands for
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the direction of the applied electric field. During the pol-
ing process, an electric voltage Vj is applied between the
cathode and the anode respectively located at z = 0 and
x = L. The evolution of the ion concentrations is then de-
scribed by a system of coupled equations containing the
equations of diffusion for the different ionic species and
Laplace’s equation. Moreover, to take into account the
solid nature of the glass, we will assume that only a finite
number of sites, respectively labeled N¢p, and Ny, for the
cations and the anions, is able to receive these ions. N (z)
and N,(x) are respectively the cation and anion concen-
trations at the abscissa z. Then, if we assume that only
two ionic species of charge —z,e and z.e are involved, the
system of coupled equations becomes [6,8]:

ONo(z) _  9J(z)
ot n ox
0%V ()
= uCNC(m)W
Nem 0?N,(z)
+De New — Ne(z) 022
ON,(x) _ ~ 0Ja(z) (1)
ot ox
0%V (x)
= —uaNa(z) 92
Nam 0?N, ()
+Da Nam — Na(z) 022
0%V (z) e
o2 —[2eNe() — ZaNa(m)]g

In the set of equations (1), V(z) is the electric potential,
¢ is the glass dielectric constant while J.(z) and Ju(z)
are the cation and anion fluxes at the abscissa x. The
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constants u; and D; (i = c or a) are respectively the
mobility and the diffusion constant of the associated ion.
These two quantities are related by the Einstein law: u; =
D;|z;le/kT where k is the Boltzmann constant and 1" the
temperature. To solve the set of equations (1) in the steady
state, six boundary conditions are necessary. The first is
given by V(L) — V(0) = V. The second comes from the
Gauss theorem: (dV/dz),—¢ = (dV/dz)y=r. For blocking
electrodes and in the absence of chemical reactions at the
electrodes, we must have: J; 5(0) = J;a(L) = 0. In fused
silica, at about 300 °C, it is mainly sodium ions (Na*)
(zc = 1) which are mobile [9]. Therefore, the anions will
be assumed to be immobile so that N,(z) = Nam = Np if
za = 1. The set of equations (1) can be solved numerically.
However, further simplifications of this equation allow-
ing an analytical resolution can be made by noticing that
eVo/kT > 1 under usual poling conditions (T =~ 300 °C,
Vo = 3 kV). Indeed, in these conditions, the expression of
the potential is:

V(0 <z <d)=—[/V(©0) - /(Nom — NoJe/22 2]

V(d1 <$<L—d2)=0

V(L —ds <z < L)=[/V(L) — /Noe/2e (L — z)]?
(2)

V(0) and V(L) are obtained from the boundary condi-
tions: V(0) = —=VoNo/Nem and V(L) = Vo(1 — No/Nem)-
d; and ds are the distances over which the applied electric
field is screened at the cathode and the anode respectively:
di = \/—2eV(0)/(Nem — No)e and dy = /2eV(L)/Noe.
In Figure 1, we have plotted the potential V' (z), the charge
distribution p(z) = [2cNe(x) — zaNa(x)]e and the associ-
ated electric field E(z) = —dV(z)/dz for a typical silica
sample poled under usual conditions. The numerical and
analytical results are presented and are in good agree-
ment. The macroscopic charge migration is responsible for
the screening of the electric potential in the bulk of the
glass. Notice that the screening distances d; and dy are
much smaller than the sample thickness L ~ 1 mm, and
that d2/d; ~ Nem/No. In consequence, the electric field
E(x) ~ Vo/da ~ 108 V/m at the glass interfaces is very
high. The asymmetry between the anodic and cathodic
sides results from the assumed immobility of the anions.
Indeed, to screen the applied voltage, a large cationic de-
pletion is created close to the anode. As the number N¢p,
of available sites is high, these cations concentrate strongly
at the cathode. It is important to notice that the temper-
ature T has disappeared from the expressions of V(z), of
dy and dg, so T does not seem to play any role in the
steady-state regime. However, SHG experiments on poled
glasses have shown that no signal can be detected if the
poling temperature 7T is lower than 150 °C. In fact, the
importance of T' becomes apparent in the study of the
transient regime. Again, since eVy/kT > 1 under usual
poling conditions, the resolution of the set of equations
(1) is simplified. Thus, by applying the Von Hippel et al.
method [10], one obtains the time 7(T") necessary to reach
the steady state:

7(T) = dyLkT /eVyDe = dy LkT /eVy Dy exp[ EN*' /ET)
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Fig. 1. Profiles of the potential V(z) (a), of the electric field
E(z) (b) and of the charge distribution p(z) (c) in a sample
at high temperature (T = 300 °C) and under high voltage
(Vo = 3 kV). The glass is assumed to contain Ny = 3 ppm of
Na™ ions and a number of available sites Nem = 10 Np. The
continuous line and the points stand for the analytical and
numerical results respectively. Figure 1c is not to scale.

where the diffusion constant D, is equal to
D, = Dgexp|—E,/kT)|

with Dy = 0.37 cm?s™!, and EaNaJr the activation energy
for Na™ in fused silica is equal to 1.12 eV [9]. This time
is strongly dependent on the temperature: for example,
7(25 °C) ~ 15 000 years while 7(300 °C) ~ 1 minute
when Vy ~ 3 kV, L ~ 5 mm, Ny ~ 3 ppm. These values of
7 show why a temperature of at least 150 °C is necessary
to pole a glass. Myers et al. measured the time 7 versus
the poling temperature and indeed found an Arrhenius

law with an activation energy of 1.3 eV close to E}fa+ [4].
Therefore, temperature may be seen up to now as being
only a kinetic parameter of the poling problem but with
no influence on the amplitude of the electric field created.
The same conclusion is valid for the sample thickness L.
Since during poling the electric field E(x) is non-null
only close to the interfaces over distances d; at the cath-
ode and dp at the anode (Fig. 1b), any reorientation by
this field of the dipoles of eventual hyperpolarizable enti-
ties could occur only in these regions. Therefore, the exis-
tence of the mechanism X((f) should be characterized by a
location of the SH signal at the sample interfaces. The sus-
ceptibility X((f) induced by reorientation of the dipoles can
be estimated by considering a long molecule with ¢ along
the molecular axis and by neglecting the environmental
interactions [11]. The poling symmetry implies that only
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Fig. 2. Evolution of the x? tensor elements X333 and ng)l

and of the ratio Ry = x\24 /x>, when pE(z)/kT increases.

( (2) (2)

two elements of the tensor y(2 Or X.g ) are non-null

(2) (2)

and independent: X353 and x31; (Where axis 3 is parallel

(2)

to the poling direction). The elements of x,~ are then:

2 _
Xd 311 =

2 _
Xd 333 =

N,ngg[(a2 +3) — 3a/th(a)]/a®

(2) 2 2 3 3)
NBgeela(6 +a®)/th(a) — 3(2 + a?)]/a

where N is the number of hyperpolarizable molecules per
unit volume, ﬂé?g is the dominant molecular susceptibility,

a(z) = pE(z)/kT with p the dipole moment of the hyper-
polarizable entities present in the glass and E(z) the elec-
tric field in the sample during poling. The relationship (3)
shows that the ratio a(x) between the dipolar interaction
and thermal energies is an important parameter. In Fig-
ure 2, we have plotted the evolution of X((f)333 and X((f)?)n
as a function of a(x). Their behaviors for high a(z) values
are explained by a complete reorientation of the dipoles
along axis 3. Therefore, the ratio R, X:(fo,)3 / X311 increases
from 3 up to high values when a(a:) increases. Notice that

the highest values of X((12)3,33 are obtained at low tempera-
tures where the poling times are unfortunately excessively
long. In consequence, for a given poling duration, an op-
timal value of the temperature exists. This phenomenon
has been observed by different authors [2,12].

It is now important to try to identify such reoriented
moieties. It is difficult to consider at such a temperature
that SiOs entities totally linked by covalent bounds can be
reoriented. However, other processes related to local rear-
rangement of defects are possible. It is interesting to notice
that an increase in the induced nonlinearity related to de-
fects has been observed after X-ray irradiation of synthetic
silica [13]. These defects are characterized by a dipole mo-
ment, a second order molecular susceptibility and an acti-
vation energy. During poling at high temperature, similar
defects could undergo a local electrically biased relaxation
which could induce a biased reorientation. Therefore, they
would be rearranged in a non-centrosymmetric manner
and could contribute to the induced nonlinearity.

Once the steady state is reached, the second step of the
poling process consists in decreasing the temperature and
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Fig. 3. Distribution of the frozen-in space electric field Ep(x)
for a sample poled under the same conditions as in Figure 1.
The three curves correspond to three different screening rates:
(a) none, (b) partial and (c) total screenings.

removing the applied voltage. Then, the oriented dipoles
and the induced X((f) nonlinearity are quenched. Similarly,
the charge distribution p(z) (Fig. lc) is frozen and the
sample can be assimilated to a charged capacitor. The
induced permanent electrostatic field Ey(z) can be deter-

mined by using the Gauss theorem:

E()(O <r< dl) = A() J,‘/dl

E()(dl <$<L—d2):AO

E()(L— do <z < L) = Ao{l — [JI — (L —dg)]/dg}
(4)

where Ay = Nodge/e. The profile of Ey(x) is plotted
in Figure 3a. However, the induced electrostatic distri-
bution p(x) (Fig. 1c) is unstable in ambient air. Indeed,
the charges displaced during the poling procedure towards
the sample interfaces may be screened by charges present
in the air. According to the screening rate, the ampli-
tude of Fy(x) is shifted as illustrated in Figures 3b and
3c. In any respect, the electric field induced is again high
(Eo ~ Vo/d2 ~ 10® V/m). As shown in Figure 3, the
location in the sample of the induced effective second-
order susceptibility x, )( ) = x® Ey(z) depends on the
screening rate. For instance, in the absence of screening,
this nonlinearity is induced in the bulk of the glass, while
for a total screening, only the interfaces over distances
d; and ds contribute to ijf) (). An important difference
with the reorientational mechanism comes from the value
of R, = X3§3 / X3211 since, for this mechanism, this ratio is

given by X:(:,?é)33 / Xg?n which is equal to 3 in an isotropic
medium [14].

In our model, if a bulk nonlinearity is detected, it
must be related to the mechanism x®) Ey without exter-
nal charge screening. On the contrary, if a surface non-
linearity is observed, it may be due either to the reori-

entational mechanism X((iz) or to a frozen-in space field

(X(3)E0) screened by external charges. Moreover, in the
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case of a surface nonlinearity, an SH signal must be de-
tected on both anodic and cathodic interfaces. However, in
an SHG experiment in transmission, the SH signal Sanode
generated by the anodic region must be much greater
than the signal Scathode produced by the cathodic region:
Sanode/Secathode ~ (d2/d1)?. The ratio between the X((f)
and x® Ey contributions is related to the dipolar moment,
the hyperpolarizabity of the reoriented moieties and to the
third-order susceptibility of the glass. The model makes it
possible to evaluate the influence of all parameters (Vp,
T, No, L, ---) and to optimize the induced nonlinearity.
Our recently performed SHG experiments on fused silica
samples confirm our theoretical analysis (Le Calvez et al.,
to be published). In the present paper, the model have
been focused on fused silica but can be easily generalized
to other glasses in which both anions and cations can be
mobile.

The authors thank the Region Aquitaine and the Direction des
Recherches Etudes et Techniques for financial support and G.
Couturier (CPMOH Bordeaux) for helpful discussions.
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