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Double fitting of Maker fringes to characterize near-surface and bulk
second-order nonlinearities in poled silica

Mingxin Qiu, Ramon Vilaseca,” Muriel Botey, and Jordi Sellarés
Departament de Bica i Enginyeria Nuclear, Universitat Politeica de Catalunya, Colom 11,
E-08222 Terrassa, Spain

Francesc Pi and Gaspar Orriols
Departament de Fisica, Universitat Automa de Barcelona, E-08193 Bellaterra, Spain

(Received 29 December 1999; accepted for publication 10 April 2000

An experimental analysis of the distribution and thickness of the bulk nonlinearity induced in poled
silica is reported. The second-order susceptibility decreases exponentially from the anodic interface.
Maker fringe patterns showing a double structure are interpreted in relation to the presence of two
nonlinear profiles, one concentrated near the anodic surface and another extending into the bulk of
the sample. The Maker fringe theory is properly generalized and a double fitting technique
reproducing well the experimental results is used to characterize the induced nonlinearities. The
dependence of the second-harmonic signal on the poling temperature is given, which is different
from that of sol-gel silica. ©2000 American Institute of PhysidsS0003-695000)02923-5

Glass is a main material used in optics and optical comef different compositions but specified with less than 2 ppm
munications and so progress in the knowledge of its properof Na and K and 1 ppm of Ca. The sample is poled in an
ties produces important applications. Particular attention i®ven at 3.5 kV and at a temperature from 130 to 400 °C for
devoted to the possibility of inducing large and permanenB0—-60 min. The detecting configuration is similar to Refs.
second-order nonlinearities and one of the investigated tecH—4, with a Q-switched Nd:yttrium—aluminum—garnet
niques is thermal poling in silica-based glas§ésThe ob-  (YAG) laser emitting light at 1.06zm in 10 ns pulses with
served second-harmonic generati@HG) is usually attrib- 10 Hz repetition rate and energy between 0.1 and 0.9 mJ.
uted to a second-order susceptibility located in a thin nearThe laser beam polarized parallel to the incident plane is
surface region of about 10m at the anodic side of the poled focussed with a 15 cm focal lens onto the sample.
plate (near-surface effegt=3 Evidence of nonlinear regions Figure Xa) shows experimental Maker fringes obtained
on both the anodic and cathodic surfaces without contribuby transmissionri a 1 mmsample poled at 200 °C and 3.5
tion of the bulk of the sample has also been reported for
similar conditions. In other cases, SHG in poled silica has 500
been associated with a bulk nonlinearity extending across the @
sample thicknesébulk effec)®’ and its coexistence with the 400

near-surface effect has been pointed oDifferent models 3 N
have been introduced to explain the near-surface effect oni 300
the basis of depletioh® screening, and accumulatichof 200 -
charges and there is one explanation about the volume effec
by the re-orientation of defects in sili¢a. 100
The Maker fringe analyst8is commonly used to deter- o , , , , , ,
mine the active thickness and the nonlinear coefficient in 80 60 40 20 0 20 40 60 80
poled silica. The technique has been recently improved for
measuring the nonlinearity in a thin lay®rln this letter we 500

consider situations in which both near-surface and bulk ef- ®)

fects are significant. The Maker fringe theory for nonuniform
nonlinearity profiles is properly generalized and a double 3
fitting procedure is used to determine the thicknesses and the <
ratio between the nonlinear coefficients of both profiles. The ¥
distribution of induced bulk nonlinearity is estimated from
poled multipiece samples and it is found to be exponential.
We use ultraviolet(UV) grade synthesed silica from

Castech, China, in 20 mm diameter plates either 1 or 0.4 mm
thick, polished on both sides. The samples include a number

20 40 60 80

Incident angle (degree)
dpresent address: P.O. Box 40-004, Shanghai 200040, People’s Republic BfG. 1. Experimental Maker fringe patteta) and the doubly fitted onép)
China. for a poled silica sample in which both the near-surface and bulk nonlin-
YElectronic mail: Ramon.Vilaseca@upc.es earities are significant. The fitting gives the ratig, /d33=0.38.
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FIG. 2. Experimental Maker fringe patteta) and the doubly fitted onéb)

for a poled silica sample in which the bulk nonlinearity is the main one.  FIG. 3. Experimental Maker fringe patteta) and the doubly fitted onéb)
for a 0.4-mm-thick sample poled together with other three plates between
the electrodes. The results correspond to the plate near the anode.

kV for 30 min. As discussed later, our analysis associates the

short-period structure with bulk effect SHG and the slowly

varying modulation of the fringe minima with near-surface n= P_Zz
effect SHG. Figure @) corresponds to a sample poled at Py
280°C, where the near-surface effect becomes small. The Siré 6, T,(6,)

(fo+fst2 1,212, (1)

buII_< effec_t seems _strongly s_ensitive _to uncontrolled effects :Aco§ 0, T2(0)W2(07)
during poling but it is always induced in more or less degree.

Before considering the Maker fringe in detail, it is con- Where subscripts 1 and 2 denote the fundamental and SH
venient to analyze previously the depth profile of the inducedvaves, respectivelyP; and ¢; are the power and internal
nonlinearity. This has been made by poling together a set dpropagation angle of beainT, is the power-transmission
silica plates and then measuring the SH signal from eacfrresnel coefficient of the fundamental wave through the

piece separately. We used sets of four pieces, each of 0.4 mifpnt surface, and’, is the corresponding coefficient for the
thick, poled at 280 °C and 3.5 kV for 40 min. The Maker SH wave at the backsurface. A is a constant factor de-

fringe shown in Fig. 8) correspond to the plate in contact scribes the effective cross section of the fundamental beam

with the anode during poling and thus they are due to botfand the subscripts and b are associated with the anodic

near-surface and bulk effects. In contrast, the SHG from théurface and bulk nonlinearities, respectively. The functions

other plates is mostly due to bulk effect with similar patterns,fn and fs enclosed in the brackets describe the phase mis-

and the SH signal decreases with distance and the ratios b@atch accumulated by the two waves across the sample and

tween fringe maxima for the successive pairs of consecutivBave the following integral expression:

plates are 2.5, 2.1, and 1.9, respectively. By assuming a bulk L _ 2

nonlinearity with exponential profile across the set of plates fj:‘ f dag(z)e'**d7 | 2

and considering the SH signal of a given plate as propor- 0

tional to the square of the nonlinear coefficient, the observewvhere the subscrigt stands either for the subscriptor s,

decrease for the SHG of successive plates means that thigs(2) is the nonlinear coefficient antik is the phase mis-

profile has a ¥ thickness of 1.15 mm. On the other hand, by match between the fundamental and SH waves in the nonlin-

applying differential chemical etching at the anodic side of aear medium. By assuming exponential profiles for both non-

sample with noticeable near-surface effect, we also estimaténear coefficientsl;a(z) anddsz,(z), with 1/e-thicknesses

an exponential fall off for the near-surface nonlinearity, inLs andLy, respectively, we obtain

agreement with previous work. du?
The Maker fringe theory for nonlinear crystdishas sz%

been recently extended for nonuniform nonlinear profiles Li"+ak

and we further develop it here to make it suitable to includewhereds; denotes the corresponding coefficienzato, L is

both bulk and near-surface effects. The external conversiothe sample thickness, and the phase mismatch depends on

efficiency is written as follows: the propagation angles as follows:

AKL;
(1_eL/Lj)2+4eL/Lj SInZ 5 ]

)
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250 but no evidence of defects has been found. Hence, we have
to conclude that the bulk nonlinearity induced in our poled
silica is not related to defect sites. Possibly it may be caused
by the electric field from charges in the bulk silica, which
may also have the layer structure just like those in the near-
100 | surface effect:'? The bulk distribution of charges may be
strongly dependent on the poling and cooling conditions and
0 so it can explain the high sensitivity to small variation on
0 ! J L : ! those conditions.
100 150 200 250 300 350 400 In conclusion, the SHG in poled silica glasses may ex-
hibit Maker fringe patterns with a double structure and, by
Poling temperature ( °C) using the Maker fringe theory properly generalized to de-
) ) scribe the presence of two superposed nonlinear profiles, a
FIG. 4. Dependence of the SH signal on the poling temperature for 1-mm- o . . .
thick silica samples poled at 3.5 KV for 30 min. really good fitting of the fringe structure is achieved. By
poling multiple silica plates together and by using selective
chemical etching, we have found decaying profiles with
roughly exponential forms for the bulk and near surface ef-
fect, respectively. By assuming exponential profiles we have
obtained the ¥ thicknesses of the two profiles and the ratio
between the two second-order nonlinearitieszat0. The
3@ with Egs. (1)—(4), with n,=1.44963 and n, double fitting associates the short period with a bulk effect

=1.46071, we obtain the fringe patterns represented in paﬁxtending across the sample and the rising up of the fringe
(b) of ea,ch figure, and the valued.=10um, L, minima with both near-surface effects at the anodic side of
) S )

=0.955mm, andr=dg;,/d33s=0.94 for the case of Fig. thi‘; poledlplate_ an(_jr;hebei(kponentigl didstributiolp of _second—
1(b), L,=15um, L,=0.955mm, and=2.6 for Fig. 2b)  °Order non inearity. The bulk second-order nonlinearity may

andL=21um, L,=0.38 mm, and = 1.6 for Fig. 3b). The be tentatively related to the electric field produced by

L, value is close to the sample thickness in the three case harges, which may have a layer structure. The sensitivity of

The very different depth of the two nonlinear profiles allows 'S _charge distribution to different effects during poling

us to associate the short-period fringes with the bulk effectCOUId explain the variable results obtained for about similar

The rising of the envelope of the fringe minima is due to theconditions. The dependence of the SH signal on the poling

near-surface effect as well as the exponential distribution ofemperature for silica is given.

the bulk nonlinearity. If uniform profiles with depth thick- The authors acknowledge B&ubio and Pablo Alonso
nessesLs and L, are assumed instead of the exponentiakyho did them the favor of measuring the samples by electron
distributions, we then have paramagnetic resonance. This work has been partialy sup-
d2ay AKL; ported by the Spanish DGES with Grant Nos. PB98-899 and
TR [4 sir? 5 (5)  PB98-935-C3-01, and by the Generalitat de Catalunya,

Project No. 1999SGR00197.
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