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Nonlinear Characterization of Waveguide Index
Profile: Application to Soft-Proton-Exchange in
LiNbOs

Maxim Neradovskiy, Hervé Tronche, Dmitry S. Chezganov, Elena A. Pashnina, Evgeniy O. Vlasov, Pascal Baldi,
Tommaso Lunghi, Vladimir Ya. Shur, Florent Doutre, and Marc P. De Micheli

Abstract—In integrated photonics, the precise knowledge of
the waveguides refractive index profile is mandatory for the
modeling of photonic chips and therefore implementing innova-
tive circuits. Usual index profile determination relies on effective
index measurement of propagating modes in planar waveguides
coupled with numerical fitting tools. In this paper we propose an
alternative technique based on the characterization of the second
harmonic generation signature of a nonlinear waveguide. We
include the characterization of high-order spatial modes showing
their relevance to probe both vertical and lateral distributions.
We finally provide an explicit profile ready-to-use for modeling
soft-proton exchanged waveguides in lithium niobate and we test
its prediction capability.

I. INTRODUCTION

NNEALED-PROTON exchange (APE) [1] and soft-

proton exchange (SPE) [2] in lithium niobate (LN) are
well-known fabrication techniques to create shallow optical
waveguides [3], [4]. The integration of several components
on the same chip requires repeatable fabrication process and
precise knowledge of the refractive index profile in order
to control and predict the optical performances [5]. All the
current techniques attempting to reconstruct the profile of a
proton-exchanged waveguide rely on the characterization of
the effective refractive indices of the guided modes [1], [5]-
[9]. This measurement is performed at shorter wavelengths
(<633 nm) on planar, multi-mode waveguides by means of
m-line (dark or bright) spectroscopy [10]. In a subsequent
step, an algorithm optimizes the refractive index profile by
comparing the experimental results with the expected, cal-
culated ones [11]. The optimization is realized by adjusting
the refractive index profile according to a primitive function.
Initially simple analytical functions have been proposed (e. g.
step [12], gaussian [13], exponential [14]) but their prediction
capabilities were limited since these functions do not capture
the complex dynamics of the diffusion process occurring
during both APE and SPE. A more sophisticated generalized
Gaussian function has been later introduced [15] resulting in
more accurate results. Today, the most precise model simulates
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the kinetics of protons in the substrate by solving a one-
dimensional nonlinear diffusion equation [1], [5]. Recently this
model has been extended including the anisotropic diffusion
properties of proton exchange [9]. Although this method is
extremely precise, it is also time-consuming and complex to
implement and to reproduce.

Integrated nonlinear converters are the most common devices
realized with periodically poled LN (PPLN) waveguides, that
relies on the engineering of the ferroelectric domains in the
LN crystal [16]. Among the permitted nonlinear conversion
processes, Second-Harmonic Generation (SHG) corresponds
to the conversion of two pump photons with identical fre-
quency toward one harmonic photon with twice the frequency
of the initial photons. This process needs to satisfy both energy
and momentum conservation which in PPLN waveguides are
satisfied through quasi-phase-matching (QPM). Usually, chan-
nel waveguides support several spatial modes in the near IR
(below 1.0 um), each of them having quiet different effective
indices, therefore, multiple QPM are possible at the same time
for different pump wavelengths, generating their harmonic in
the n'” order mode [17], [18]. As we show in this paper,
the complete mapping of the SHG signature can provide a
detailed feedback about the possible different QPM, allowing
to reconstruct the refractive index profile.

In this letter, we introduce a technique relying on SHG
spectroscopy that precisely allows to characterize the refractive
index profile of a channel waveguide. This profile is found by
matching the measured SHG signal with the one allowed by
the QPM conditions. The theoretical profile to be fitted is a
combination of a generalized Gaussian function in depth and
an hyper-Gaussian in width. In addition to previous work [17],
[18], we use this method to successfully predict the experimen-
tal nonlinear conversion pump-wavelengths | mode-orders for
different poling periods on different samples. Although our
approach and the current work has been specifically designed
for SPE on LN, it can be extended to any other fabrication
techniques and nonlinear materials.

II. SAMPLE FABRICATION

In the following, we will consider only PPLN waveguides
fabricated with SPE technique on congruent LN substrates.
The fabrication starts with the deposition of a hard mask
of SiOy on top of the -Z face of the substrate. Through
a liftoff, several openings are created on the silica mask.



These openings are then submitted to proton/lithium ionic
substitution. For simplification, the waveguide width labelling
is the span of these openings, without considering the proton
lateral diffusion. The proton exchange is performed in a sealed
zirconium container filled with a powder mixture of benzoic
acid buffered with lithium benzoate for 72 hours at 300°C.
The waveguides investigated in this work are multi-mode in
the short IR regions (700-825nm) and single-mode between
1400 nm and 1650 nm. SPE waveguides guide only transverse
magnetic (TM) modes that will be labeled using the usual
convention for rectangular waveguides: TM, with x (y) the
mode order in lateral (vertical) direction.

Once the waveguides fabricated, the silica mask is removed,
and we create the periodical poling by electron beam (e-
beam) writing technique [19], [20] which guarantees a high
resolution control over the poling period at a price of a
limited poling area. The scanning electron microscope (Carl
Zeiss Auriga CrossBeam workstation) with Schottky field
emission gun equipped with the e-beam lithography (EBL)
system (Raith Elphy Multibeam) was used for e-beam domain
patterning. The exposure parameters and e-beam positioning
were controlled by EBL system. The irradiation pattern was
specified by the Raith Nanosuite software. Before irradiation,
a 2.5 um-thick layer of negative e-beam resist (Micro Chem-
icals AZnLOF2020) was deposited by spincoating on the
surface to be irradiated and a copper electrode was deposited
by magnetron sputtering on the opposite polar surface. The
irradiation was performed at accelerating voltage of 10 kV
and e-beam current of 1.5nA. The patterns with length of
1.5 um consisting of rectangular stripes with various periods
were used. SHG spectra were characterized for waveguides
width of 5, 6, 7 and 8 um.

III. NONLINEAR CHARACTERIZATION
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Fig. 1.
controlled in polarisation and then focused in the waveguide to be tested.
At sample output, the pump is separted from its harmonic using a dichroic
mirror. On each arm, detection is made using a camera and an energymeter.

Schematics of the SHG characterization setup. OPO laser beam is

The experimental setup is represented in Fig. 1. The sample
is a 15 mm-long waveguide with a poling region of 1.5 mm
length and a poling period of 15.8 um. The sample was
injected with an optical beam generated by a pulsed OPO
(Ekspla NT242) with 4ns pulses at 1kHz repetition rate and
a wavelength tunablility between 220 and 2600 nm). At the
output, the collected beams at A\, and Ay, were spectrally

separated and sent either on an energymeter (Coherent
LabMax TOP) to measure pulses’ energy or a camera
(Photonic Science sCMOS and SWIR) to visualize the spatial
distribution of the mode. Fig.2 reports the SH spectra for
the different waveguide widths. We determine )\, the QPM
pump central wavelength, using a fitting of the experimental
data by a sinc?()\) function, as shown in the inset of Fig.2.
Given the high precision when fitting of the sideband zeros
and maxima, the estimation precision is A\, = £0.2nm.
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Fig. 2. SHG intensity in function of the pump wavelength for different

waveguide width. Each peak for a waveguide correspond to a phase-matching
with different order of the harmonic mode. Inset: example of SHG central
wavelength determination for the 1525 nm peak of 6.0 um waveguide, dots:
experimental data, color line: sinc?(\) fitting function.

For each waveguide, we distinguish three phase-matched
signatures, which correspond to the conversion of the
fundamental mode TMg, to 3 different spatial modes: TM3g,
TM2¢, and TM2Y (from right to the left in Fig.2). We verified
that TMy; mode acquired in the visible range by CMOS
camera is not a composition of several modes by comparing
it to a numerically calulculated mode (Fig. 3) using Lumerical
MODE software.

TMO00 @1432nm

TMO1 @716nm

Experimental

Numerical

Fig. 3.

Modes comparison for fundamental (left) and harmonic (right)
between CMOS acquisition (top) and numerical simulation (bottom).



TABLE I
PUMP WAVELENGTHS ALLOWING QPM FOR DIFFERENT HARMONIC TRANSVERSE MODES AND WAVEGUIDE WIDTHS. EXPERIMENTAL RESULTS (EXP.)
ARE COMPARED TO THE ONE OBTAINED USING NUMERICAL PROFILES (1, n2, n3) THROUGH THE ABSOLUTE DIFFERENCE BETWEEN CALCULATED AND
MEASURED WAVELENGTHS (A1, Az, A%). n5 IS A PARTICULAR CASE FOR WHICH ONLY THE TM§, = TM%B’ CONVERSION IS OPTIMIZED.

SHG Wmask EXp. n;(xsy)‘) ni (fE, Y, >‘) n2 (1'7 Y, )‘)
S[flf)tc‘él (um) Aw(£0.2nm) A, o (nm) A% (nm) Aw,1(nm) A1 (nm) Aw,2(nm) Ao(nm)
8 1529.0 15289 0.1 1526.1 29 15202 02
T™ug 7 1528.0 1527.9 0.1 1526.4 1.6 1527.9 0.1
6 1525.0 1525.8 0.8 1527.7 2.7 1526.0 1.0
5 1521.0 1522.0 1.0 1526.9 59 1523.0 2.0
8 1483.0 14685 45 1482.0 1.0 14839 0.9
TMag 7 1477.5 1460.0 17.5 1477.2 0.3 1476.6 0.9
6 1471.0 1452.5 18.5 1471.1 0.1 1468.2 2.8
5 1463.0 1451.4 11.6 1463.7 0.7 1458.8 42
8 14375 1440.7 32 1439.6 21 14405 30
™o, 7 1438.0 1431.7 6.3 1439.7 1.7 1439.7 1.7
6 1438.5 1425.6 12.9 1440.5 2.0 1440.3 1.8
5 1438.0 1422.1 15.9 1434.8 32 1434.5 35
| SA [ 1024 [ 243 [ 221 ]

The different transverse modes, waveguide widths, and A, are
presented in the three first columns of TableI. Let us notice
that the wavelengths at which the mode TM2¢ is generated
are almost identical, whatever the waveguide width. This
is connected with the condition of non-critical quasi-phase-
matching [21] and will be discussed further in another article.

IV. INDEX PROFILE DETERMINATION

We assume the very general shape of the index profile in the
waveguide to be a function of the transverse position (x,y)
and wavelength (\):

nsell()\) + A’I”L()\, &€, y) (1)
Nsent(A) +6n(A) - f(y) - g(x),  (2)

where nge; is the refractive extraordinary index of the unex-
changed substrate given by the Sellmeier equations [22] and
An(X\, x,y) is the increase of the refractive index induced
by proton-exchange. It can be decomposed in a product of
the spatial distribution functions along the vertical (f(y)) and
lateral (g(x)) directions and a spectral distribution function
on(A). The spectral distribution is modeled using a Sellmeier-
like function [23].

n(z,y,\)

oy, Onz

SRS

The depth distribution is a generalized Gaussian function, as
proposed in [15]:

) = eon | (jdﬂ |

in which wy and ~ are the waveguide depth and the profile’s
slope, respectively. We compare two different distributions
describing the lateral proton diffusion:

Sn(\) = éng + 3)

“4)

T «
qi(z) = exp [ (wl T— /2) } 6))
—1
92(33) — |:1+exp(|x|_wmask/2_l’>:| ] (6)
wy

Wmask 18 the opening width in the silica hard mask. w; is a
parameter related to the lateral diffusion of proton below the
silica mask. g (z) is also a generalized Gaussian function, with
a slope a. ga(x) is an empirical formula that we introduced
within this work, which contains a free parameter, L. The
differences between these two equations will be detailed in
the following. From now, we will call n;(x,y,A) the refrac-
tive index distribution calculated using the lateral distribution
gi(x).

Using Eq.(2), we can calculate the effective refractive index of
the propagating modes and compare them to the experimental
ones through the satisfaction of energy conservation rule and
quasi-phase matching condition, i.e.:

Aw = 2A[ni;(A2w) — 100 ()] (N

where A, A2, and A are the pump wavelength, the harmonic
wavelength, and the poling period, respectively. The indices
1,7 label the harmonic mode orders. We then use an home-
made algorithm that varies once at a time each of the seven
free parameters of our model, namely éng, dni, ons, wq,
v, wy, o (or L). Once a maximal fitting is found, an other
parameter is varied, and so on. Once all the parameters
are optimized, the algorithm loops as long as a significant
increase in the fitting between calculated and measured values
is possible and therefore get closer to the optimal profile.
Given the extensive set of data provided by the different
spatial modes, the large number of free parameters is not a
limitation. Moreover, the dataset can be extended, if needed,
by including other sets of pump/harmonic-wavelengths and
mode-orders through different poling periods. The theoretical
effective indices have been calculated using Python [24] with
the EMpy package [25]. Both experimental and numerical
results are reported in Table L.

In a first approach, we limited the algorithm to consider
only the TMY, = TM32{ conversions, as already done in
previous published work [5]. The optimal profile, n3(z, y, A),
while correctly matching the fundamental modes interaction
(A% < 1nm), shows a poor fitting for modes TMyp and TMy;



and does not predict the insensitivity to waveguide’s width of
modes TMy; experimentally observed in Fig.2.

TABLE II
OPTIMIZED NUMERICAL PARAMETERS OF THE INDEX PROFILE
FUNCTIONS.
[ ni(z,y,N) [ ez N ny(z,y,N) |
dng 0.0455 0.0475 0.035
dn1 —7.0 x 10~16 —6.0 x 10~16 —4.75 x 10~ 16
Sno 1.25 x 10—27 1.2 x 10—27 1.29 x 10—27
w; 1.35 x 106 0.975 x 10~ 0.975 x 10~
L - 0.95 x 106 0.1 x 106
[ 4.0 - -
wy 0.5 x 106 0.49 x 10—6 1.175 x 10~6
v 0.55 0.55 0.55

However, when the entire SHG signature is taken into account
by the algorithm, both nq(x,y, A) and no(z,y, A) match cor-
rectly the experimental results (the optimal parameters value
for n1, ng and nj are presented in Table IT). More specifically,
no(x,y, A) results in more accurate estimations, fitting better
the nonlinear processes for the mode TMyg, the refractive
index profile is shown in Fig. 4. This higher precision is linked
to the fact that g;(x) is a normalized function, while the
92(0) value depends on the waveguide width. We stress that
this lower mismatch is more than a numerical artifact, as
experimentally verified before [26], [27].

In order to verify the inference capability of our model, the

~_ Index
2,18

Fig. 4. Refractive index profile na(z,y, A)

poling period meeting the QPM condition for SHG in the
TMp; mode with a TMyg pump in the telecom spectral C-
band is calculated to be 18.0, 19.0 and 19.5 um. We fabricated
a second batch of samples with similar proton exchange
parameters using e-beam writing. Additionally, poling period
of 16.0um, corresponding to SHG in the mode TMg, with
a pump @1550nm is added as a fabrication quality check.
We characterized A, for the different spatial modes. Table III
reports the error Ay for different waveguide widths, poling
periods and spatial modes. For A\, < 1576 nm, the model
predicts the SHG wavelength with precision better than 4 nm

TABLE III
PUMP WAVELENGTHS (EXPERIMENTAL AND CALCULATED) ALLOWING
QPM FOR DIFFERENT SHG TRANSVERSE MODES, POLING PERIODS AND
WAVEGUIDE WIDTHS.

Second. Poling Wmask Aw Ao
Harmonic exp. [ calc.
mode (um) (nm)

8 1534.9 1537.5 2.6

16.0 7 1533.6 1536.4 2.8

Moo 6 1531.0 1534.4 34

8 1619.1 1628.5 9.4

18.0 7 1617.8 1626.8 9.1

6 1615.1 1623.5 8.4

8 1516.9 1518.6 1.7

18.0 7 1517.4 1519.5 2.1

™o, 6 1517.8 1517.5 0.3

8 1555.8 1556.3 0.5

19.0 7 1555.2 1556.5 1.3

6 1555.1 1551.4 3.7

19.5 7 1572.7 1575.6 3.0

for any spatial mode. At longer wavelengths (A, ~ 1620 nm)
we observe a significant discrepancy (= 10nm). We attribute
this imprecision to the poor knowledge of dn(\) at these
wavelengths. Nevertheless, the general agreement between
theoretical and experimental SH wavelengths reported in this
letter opens to precisely engineer complex integrated photonic
structures, e. g. adiabatic tapers [28], splitters [29] or nonlinear
emissiters [17], [18].

V. CONCLUSION

We propose a new characterization technique to precisely
assess the refractive index profile of a SPE waveguide,
easily adaptable to any waveguide fabrication technique
based on ion exchange. Our method, alternatively to the
m-line spectroscopy, is based on nonlinear interactions. The
fitting algorithm adjusts the refractive index profile of the
nonlinear waveguide, trying to match its SHG signature. We
have shown that higher precision is obtained by considering
SHG toward higher-order spatial modes. We provided a
primitive function able to correctly fit the experimental
results. The optimal distribution predicts correctly A, at
different poling periods with precision better than 4 nm and
provides quantitative insights about some characteristics of
the nonlinear waveguides as well as the physics underlying
the fabrication process. Finally, we provide a ready-to-use
refractive index profile that can be employed to simulate
linear and nonlinear components based on SPE waveguides.
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