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Dynamics of the second-order nonlinearity in thermally poled silica glass
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We study the temporal evolution of both the second-order nonlinear coefficient and of the nonlinear
thickness in thermally poled silica-glass slides by using a high-resolution all-optical technique. A
time delay in the nonlinearity formation is observed, followed by an increase to a maximum, and a
final decrease. The thickness is shown to increase at a rate that differs significantly from that
reported for the corresponding ionic charge fronts. Our measurements also show strong
dependencies on sample thickness and these can be attributed to different electric fields in the
depletion region. ©2001 American Institute of Physic§DOI: 10.1063/1.1394948

Ever since its first demonstratidrthermal poling as a ization of the fundamental pulses before they are split by a
means of inducing a second-order nonlineaiBON) in 50% beamsplitter and focused onto the sample. The SH sig-
glass has attracted much interest due to its potential applicaral was measured with a photomultiplier tube after eliminat-
tions in various optical devices. The results obtained aréng the fundamental beam using broadband and interferomet-
highly reproducible and, although the SON is small com-ric filters. Figure 1 shows an example of the SH power as a
pared to other nonlinear materigks.g., LiNbQy), the figure  function of inclination angle for a sample with=0.5 mm
of merit of poled fibers is high enough to justify this interest, and poled for 10 min, along with the best fit obtained assum-
e.g., for frequency conversion of high-power fiber lasarsl  ing a truncated-Gaussian nonlinear profites(L)exd —(z
generation of correlated parametric photdrs.is a well- —L/4)?/L?], wheres(z) =1 if 0<z<L and is otherwise null
established fact that in glass the mechanism at the basis ahd in this particular case=3.4 um, as shown in the inset
SON formation is ionic migration and subsequent creation obf Fig. 1. The sharp decrease in the profile may be due to the
a frozen-in internal electric field* However, theoretical presence of a thin charge layel! OnceL is known the
modeling of field-assisted ion migration is rather complexnonlinear coefficient is found by normalizing the collinear
and has been limited to oher two specie§,whereas experi- SH with respect to that from a reference sampjeart2 and
mental evaluation of positive-ion movemémay not be suf- assuming that the tensorial components of the nonlinearity
ficient to determine the exact internal electric-field profile. Indsz andds; are related to each other log;=3d3;. All mea-
this article, we investigate the temporal evolution of the non-Surements were madl h after poling and then repeated a
linear coefficient ¢33 and of the nonlinear thickness)in ~ week later without observing any significant variation in the
thermally poled silica using the noncollinear Makers fringemeasured. or d values. Figure 2 shows the observed evo-
technique(NCMFT), which allows high resolutiof. lution of the nonlinear coefficierds;. A fast initial increase

In order to study the nonlinearity evolution, samples ofis followed by a significant decrease to a final value which is
different thicknessesS) were thermally poled for various roughly 50% smaller than the pealgs. Furthermore, the
poling times. The silica-glass samples were Herasil 1 gradgoling times for which the peakl;; values are observed
(from Heraeuswith S=1, 0.5, and 0.1 mm. Thermal poling decrease with decreasitgy
was performed at 270 °C in air by applying a constant volt- The main mechanism for the nonlinearity formation is
age (V) of 4 kv, using Al-evaporated electrodes, for seventhought to be electric-field-induced ion migratfenafter
different times ¢): 2, 5, 10, 20, 30, 45, and 90 min. The cooling the sample and removing the electrodes an electric
samples were subsequently cooled to room temperature wiffe!d (E) remains frozen in the sample that couples with the
the voltage still applied. Cooling from 270 to 200 {®@hen third-order nonlinearity to give an effective SON.
poling effects become negligibléakes~40 s.

The nonlinear depth was obtained using the NCMFT, S 1.00
which allows nondestructive measurements of thicknesses as 8 }
small as 2um with submicron resolutiofr. Two identical T 0.75 {
. . o 012345 §
input fundamental beams are focused onto the sample with a 5 depth [um] }
relative 90° external angle. The power of the generated non- @ 0.50 V
collinear second-harmoni&H) beam is measured as a func- ©
: e ) . £ 0.25
tion of the sample inclination angle andis estimated by s
fitting the spacing and position of the observed peaks with < 0.00
the function given in Ref. 8. The measurements were carried -40 -20 0 20 40
out using aQ-switched and mode-locked Nd:YAG laser as external angle [deg]

the fundamental source. A half-wave plate controls the polar-

FIG. 1. Example of the noncollinear Makers fringe measurement on a 0.5-
mm-thick Herasil 1 sample thermally poled at 280 °C, 4 kV, 10 min. Circles,
¥Electronic mail: dfaf@orc.soton.ac.uk experimental data; solid line, best fit obtained uding3.4 xm.
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FIG. 2. Experimental values for the nonlinear coefficietids against pol-  FIG. 3. Experimental values for the nonlinear thickneisy 4gainst poling

ing time for samples of different thicknesseS)( S=1 mm, full circles;  time for samples of different thicknesseS)( S=0.1 mm, full circles;
$=0.5 mm, open circles5=0.1 mm, full triangles. The lines are only a $=0.5 mm, open circlesS=1 mm, full triangles. The lines are the best-
guide for the eye. stretched-exponential fits for the experimental data.

das=$x"*'E, (1) times, by a decrease to smaller values. The nonlinear coeffi-

where x® is the glass third-order nonlinear susceptibility ¢ient, _propor_tional to the_ electric field, will follow the same
andE is the frozen-in electric field. The full equations which €volution. It is worth noting that the above model describes
describe this process, considering both drift and diffusionthérmal poling in air: poling in vacuum or with blocking
can be rather complicated and have been solved under sirflectrodes shows a different behaVidP As we were able to
plified conditions. Von Hippélconsidered only one ion spe- ascertain using a similar model, the poling times for which
cies drifting which, in our case, would be sodium (Nathe the maximumdss va!ues are obtalr)ed depend on many pa-
main charge carrier in silica glddswith mobility uy,. As ~ fameters, such as ion concentrations and mob|I_|t|es which
the thermally mobilized ions drift towards the cathode, twoVary from glass to glass. Mgst Importantly, there is a str.ong
distinct regions form in the glass: a depleted region withdependence o8 due to the higher electric-field values inside
negative space charge followed by an undepleted, neutr#i€ thinner samples, thus explaining the results in Fig. 2
region. The depletion region forms under the anode with é(v_here we show the nonlinear coefficient agalns_t pollng t|m_e.
monotonically increasing depth, until the equilibrium value Figure 2 also shows that there seems to be a minimum poling
L..= J2eVlp is reachedwheree is the glass dielectric con- tmMe below whlch no nonl|nea}r|ty is ob;erv(aaiso observed
stant and the depleted charge densithe internal voltage 1N Ref. 6. This minimum poling time is smaller than 40 s
drop also increases withand the overall effect is an increase (n€cessary to apply the voltage and cool the samfue

in the frozen-in electric field, i.e., ids;, and the maximum S=0.1 mm, butincreases to 5 min f&=0.5 mm and to 10
value is reached at equilibrium. Therefore, a one-charge caffin for S=1 mm. Furthermore, poling at a higher tempera-
rier model cannot account for our experimental results whicHure (€.9., 280 °G resulted in a shift of these threshold times

show a fast growth to a maximum followed by a slowerto sSmaller valueg2 min for S=0.5 mm and 5 min foS=1
decrease to smaller values. mm). These results may be explained by assuming that the

The next most mobile charge carrier in silica glass istime required for a charge distribution to form, such that SH
H*,™ with a mobility () which has been found to be in generation(SHC_;) can occur, depends on both temperature
the range 10%—103 uy,.'2™3 If press-contact or non- and .sfample thicknes@naybe du_e. to a reduced m|x.ed—|on
blocking evaporated electrodes are used, then hydrogen cofftobility near the catho&._ By raising the temperatur@e.,
tinuously diffuses under the influence of the externally apJonic mobility) or decreasing the sample thicknéss., in-
plied electric field from the external atmosphere into thec'€asing the applied electric fi¢ldhe necessary charge dis-
glasstt1214Dye to the fact thafu<uya, three regions will trlbutl'ons are achieved for sm'aller poling times.
form: straight under the anode a region with"Ngubstituted Figure 3 shows the evolution &f for the same samples
by H* —the charge in this region will depend on the amountOf Fig. 2. The well-known cont_lnuous increase linis _ob-
of in-diffused H". This is followed by a negatively charged Seérved(see, e.g., Ref. 35The lines show the best fits for
depletion layer, and finally by the undepleted neutral regionfunctions of the form
It is quth _noting at this point tha_t thi_s model is still an L()=L(0)+ a(l—e A, )
approximation of the true situation. Indeed, the
Na'-depleted region is very different from the untreatedwherelL(0)+ a=L(«) is the saturation value and is the
glass: the most mobile charge carriers have been removegtowth rate. The values which gave the best fits lfoare
and an electric field close to dielectric breakdown value isshown in Table 1,8, is the same for alg, indicating that the
applied. Under these conditions a non-Ohmic electronic curnonlinearity-formation mechanism is the same for all sample
rent is to be expected. However, in its simplicity, the as-thicknesseslL (0) is a fictitious quantity due to the absence
described two-charge carrier model provides valuable insightf a SH signal for smalt as already discussed—in fact, for
to thermal poling. smallt we are still uncertain iL —0 very rapidly or if the

The equations describing the process have been solvatnlinearity starts to form over a finite thickness. For larger
by Alley, Brueck, and Myers-2-the electric field inside the t, all experimental values are well described by E(R).

sample initially rises but is then followed, for longer poling However, the observed evolution bf differs (in particular,
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TABLE |. Values for the parameters(0), «, and 8 used in the fitting po||ng times of nonlinear thickneds and of the second-
functionL (0)+a(1—e"#) for L for all three sample thicknesseS)( order nonlinear coefficiert,s in thermally poled silica glass
using an all-optical characterization technique. Our results
differ substantially from those obtained on the basis of posi-
Z(O(L%m) —3.1 _éég 1% g7 tive charge migration in silica, implying that other factors
Bt (minY) 0.045 0.044 0.046 must be taken into account, e.g., electronic conduction. The
results show that whileL increases monotonicallygss
reaches a maximum value for sh@r:10—20 min poling
o times and then decreases. On the other hand, the product
for S=0.1 mm from the measured positive ion-charge front y_, reaches a constant equilibrium value for short poling
evolynon[ocl_n(t)],ﬁ'm implying that the actual value of the (imes and has been used to estimate the gts8s We have
nonlinear thickness may not correspond to that expectedisy reported a dependence of the measured quantities on
from these measurements. It is well known that a depletionampje thickness which can be ascribed to the different in-
region a few microns thick forms in the first seconds of g g electric fields in the depletion region. These results are
poling,” but we may infer from our measurements that an-sefy| to optimize the efficiency of the SON in waveguide
other mechanisnimaybe electronic migrationis necessary gavices where the overlap between the nonlinear and

in order to aI;p observe SI_-|G_ an(_JI to explain the d'ﬁerence%aveguiding regions, along with they; optimization, is of
bgtween positive-charge-distribution and SH measurement%ajor importance.
Figure 3 also shows a marked dependence on sample thick-
ness which may be qualitatively assigned to the different  This research was supported by Pirelli Cables and Sys-
electric fields inside the samples. tems.
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