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A novel technique for characterizing thin-film second-order nonlinearities with submicrometer resolution for
the film’s depth is proposed. This method is substantially a variation of the classic one-beam Maker’s fringe

technique and uses the second harmonic generated by two noncollinear fundamental beams.

Compared with

that for the one-beam case, this configuration reduces the coherence length of the process, thus increasing the

resolution for the nonlinear depth measurements.

OCIS codes:

Since its first proposal,’ the Maker’s fringe technique
(MFT) has been widely used to establish the effec-
tive second-order nonlinear optical coefficient (desr)
and, when necessary, the thickness (L) of nonlinear
materials, especially thin films. The technique is
experimentally  straightforward: A fundamental
beam with frequency « is focused onto the sample,
and the second-harmonic (SH) power is recorded while
the nonlinear thickness is varied, e.g., by rotation of
the sample. From spacing and position of the SH
peaks one can infer L, whereas d.¢r can be estimated
by comparison with a reference sample of known
nonlinearity.> However, acceptable resolution for L
is possible only when L = [., where /. is the coherence
length, i.e., the distance over which the SH field and
the SH polarization wave (proportional to the square
of the fundamental field) become 7 out of phase:
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where ky,,, k,, 1, and k,, 5 are the SH and the two fun-
damental wave vectors, respectively. Indeed, in the
one-beam MFT the smallest measurable value for L
is determined by the largest internal angle attainable
in the sample, corresponding to total internal reflec-
tion for the SH at the back material—air interface. In
silica glass, at 532-nm SH wavelength, this angle is
43.6° and indicates that a nonlinear region induced
by thermal poling® can be fully characterized only if
L > 1, cos(43.6) = 18 um (I, = 24 um), which often is
not the case.*

A technique proposed by Pureur et al. overcomes
this limitation by placing the sample between two
glass prisms and thus eliminating the total internal
reflection, making it possible to reach larger internal
angles and correspondingly resolving smaller L.> A
further improved scheme, based on the same principle
and using hemispherical lenses, has also been pro-
posed.® Here we propose a simple technique that can
measure small nonlinear depths (<2 um) with high
resolution (<0.5 um). Although our examples relate
to silica, the contents of this Letter can be applied
to any dispersive nonlinear thin film. Figure 1 is a
schematic layout of the experimental geometry. Two
identical fundamental beams, with field amplitudes
E, 1 and E, 5 and with a relative external angle (0),
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The technique has been implemented on thermally poled
silica samples, revealing the initial growth of the nonlinear region.
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overlap in the sample, thus generating a polarization
wave at 2w, Ps, <« deff(E(%,l + Ef,,2 + 2E,1E, ).
The first two terms, with wave vectors 2k, ; and
2k, o2 respectively, will generate so-called collinear
SH fields, whereas the third term, with wave vector
k,, 1 + k,, 2, will generate a noncollinear SH field. It
is worth observing that rigorously the SH fields (free
waves) have slightly different propagation directions
from those of the corresponding SH polarizations
(bound waves).

As is true for the one-beam MFT, variation of the
sample inclination angle («) will change the nonlinear
depth traversed by the incoming fundamental beams.
The noncollinear SH power will oscillate periodically,
reaching a maximum value at distances that are odd
multiples of I.. In the two-beam case, the projection of
Ak along the SH field’s internal propagation direction
(2') is given by

n(A)

Akl(G),CY) = 4777- (n(%) — T{COS[Gl(@, CY)

— ¥(0®, a)] + cos[02(0, a) — y(O, a)]}), (2)
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Fig. 1. Geometrical layout of the noncollinear Maker’s
fringe technique: The plane Xz is defined as the lab
reference system (taken so that 2 is the symmetry axis
of the two incident beams). 6;, 0, and y are the two
fundamental (fund.) beam and SH internal propagation
angles, respectively. « is the sample tilt angle, and ®
is the relative angle between the two input fundamental
beams.

© 2000 Optical Society of America



September 15, 2000 / Vol. 25, No. 18 / OPTICS LETTERS

where A is the fundamental wavelength and 6,(0, «),
02(0, a), and y(0, a) are the two fundamental fields
and the SH field’s internal propagation angles, re-
spectively (as shown in Fig. 1). They are defined in
the laboratory reference system, taken such that 2
is the symmetry axis of the two incident beams, by
01(0, a) = sin H[sin(®/2 + a)]/n,} — @, 62(0, a) =
sin"H[sin(@/2 — a)]/ne.} + @, and (O, a) =
sin~Yn,/ne, sin[(cos 6; + cos 63)/2]}. The last
expression is obtained from the boundary conditions
for SH generation at the interface between a linear
and a nonlinear medium, i.e., from the continuity of the
magnetic and electric field tangential components.’

The overall normalized SH conversion efficiency
(nsa = Wa,/W?2), which is dependent on both « and
0, is given by
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where W, and Wy, are the incident fundamental
and output SH powers measured after the sample,
E, =E,1/max(E, 1) and E; = E, 3/max(E, 3) are
the normalized fundamental fields, wg is their beam
waist (1/e? intensity radius), n, is the material
refractive index at w and ny, at 2w, &g is the vacuum
dielectric permittivity, and c is the velocity of light in
vacuum. The fundamental fields, E; and E., are
considered Gaussian—they depend on all three co-
ordinates and on a through Snell’s law—and plane
waves (i.e., near-field approximation). T, 1, T, 2, and
T, depend on ©® and « and are the fundamental and
the SH power Fresnel transmissivities, respectively.
u(®, «) is a projection factor for the beam area, which
takes account of sample tilting. Finally, d.s was
taken with a square profile and d.(®, a) is the
projection of the excited tensor components along the
direction normal to z’.

In the case of poled glass, the tensor will be that of a
material with C.., symmetry, and we assume that the
desr-tensor elements are related by dss = 3ds3;.2 For
a fixed «, when the external angle ® increases, both
01 and 65 increase and [, decreases (I, = w/Ak’). For
® = 0° (61 = 03) we have the one-beam case, but, for
example, for ® = 90°, /. has an average value (over the
possible «) that is smaller than 2 um in silica glass,
in contrast to the 24-um value for collinear, i.e., one-
beam, interaction. This means that nonlinear region
depths as small as I, cos(43.6) = 1.5 um can be mea-
sured. A comparison of one-beam and noncollinear
MFT (with ® = 90°) is shown in Fig. 2 for three val-
ues of L (5,9, and 14 um). One-beam MFT produces
nearly identical curves [Fig. 2(a)l, which, instead, be-
come easily distinguishable in the noncollinear case
[Fig. 2(b)].

The experiments were carried out with a @-switched
and mode-locked Nd:YAG laser as the fundamen-
tal source. The polarization is controlled with a
Glan—Thompson polarizer followed by a half-wave
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plate. The pulses are then split by a 50% beam
splitter before being focused onto the sample. The
SH signal is measured with a photomultiplier tube
after the fundamental wavelength is reflected by
an interferometric filter. The samples used were
25 mm X 25 mm X 0.1 mm Herasil 1 slides (from
Heraeus). Five slides (A, B, C, D, and E) were ther-
mally poled in air at 4 kV and 280 °C for 5, 10, 20, 30,
and 45 min, respectively (see Table 1). The Maker’s
fringes from all samples were initially measured
with the one-beam configuration, but they all yielded
indistinguishable curves with a maximum at the
same angle (=60°-62°). As we have already said
[see Fig. 2(a)], this result indicates that all the poled
samples have L < 18 um. Measuring the Maker
fringe modulation of the noncollinear SH enables us to
improve the resolution, which shows that thickness L
is less than 18 um for all samples and its dependence
on poling time. Figure 3 shows, as examples, the
curves obtained for samples B (10-min poling) and D
(30-min poling) along with the best fit given by our
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Fig. 2. Comparison of (a) a one-beam or collinear MFT
(® = 0°) and (b) a two-noncollinear-beam MFT (® = 90°).
Solid curve and dotted curves, values of L. Note the dif-
ferent scale for the angle axis.

Table 1. Summary of Measured Values®
Sample Poling Time (min) L (um) dss (pm/V)
A 5 4 0.54
B 10 4 0.55
C 20 6.8 0.35
D 30 8 0.26
E 45 10.8 0.23

%L is the nonlinear thickness and ds; is the second-order non-
linear optical coefficient.
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Fig. 3. Experimental results: normalized SH conversion
efficiency (nsg) as a function of the external tilt angle («)
for noncollinear fundamental beams with ® = 90°. Filled
circles, experimental values obtained for two samples from
Table 1. Solid curves, best calculated fits.
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Fig. 4. Experimental results: measured nonlinear depth
as a function of poling time for the five measured samples
of Table 1.

calculations. Repeated measurements of the samples
have always produced similar results, within 0.2 um,
for L.

Our values of nonlinear thickness agree well with
those obtained with other methods, such as chemical
etching.*®® The observed nonlinear growth of depth
with poling time (Fig. 4) also agrees with that reported
previously.*® Once L has been evaluated by the non-
collinear MFT, one can perform a collinear SH ex-
periment to measure the nonlinear optical coefficient
by using a reference sample (e.g., quartz). Table 1
shows the values for L and d33, assuming that ds3 =
3d3;. Poling times longer than those in Table 1 pro-
duce larger nonlinear depths and therefore more pro-
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nounced modulations of the SH signal. However, we
noted that in this case the noncollinear Maker fringes
become rather noisy, especially at large tilt angles.
This is probably due to the fact that local nonuni-
form nonlinear regions (within the poled layer) with
dimensions of the order of the coherence length (=2 um
for ® = 90°) may interferometrically contribute to the
SH signal. One can reduce this noise by decreasing
0, thus increasing /., so the effects that are due to
possible nonuniform nonlinear distributions are aver-
aged. In fact, for increasing L, ® can be reduced, and
when L = [, it is convenient to use the one-beam MFT
(i.e., ® = 0°). One can also address uncertainty in the
value of L by carrying out cross measurements at dif-
ferent values of 0.

In conclusion, we have used noncollinear SH
generation to increase MFT resolution and to charac-
terize thin (less than 18-um) second-order nonlinear
layers. The technique has been demonstrated on a
series of thermally poled silica glass slides. A com-
plete expression has been derived for the noncollinear
SH conversion efficiency and then used to fit the
experimental data. The results agree with those
obtained with other methods. The main advantages
of the new technique are that it is nondestructive, an
easy-to-implement modification of the classic one-beam
MFT, and extremely precise and can be tailored, by a
change of O, to characterize second-order nonlinear
films of any kind.
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Components. D. Faccio’s e-mail address is dfaf@orc.
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