L)

Check for
updates

Research Article Vol. 27, No. 9 | 29 Apr 2019 | OPTICS EXPRESS 12025 |

Optics EXPRESS

Optical diagnostic methods for monitoring the
poling of thin-film lithium niobate waveguides

JIE ZHAO,” MICHAEL RUSING, AND SHAYAN MOOKHERJEA

Department of Electrical and Computer Engineering, University of California, San Diego, 9500 Gilman

Drive, Mail Code 0407, La Jolla, CA 92093-0407, USA
"jiz378@eng.ucsd.edu

Abstract: We demonstrate two non-destructive methods of studying the gradual poling of
thin-film lithium niobate waveguides by the application of a sequence of high-voltage pulses, and
we show the transition from under-poling to over-poling and the identification of the optimal
stopping point of the poling process. The first diagnostic method is based on changes in
continuous-wave light transmission through a hybrid waveguide as it is gradually poled by
using a second set of monitoring electrodes fabricated alongside the principal poling electrodes.
The second method is based on confocal back-reflected second-harmonic microscopy by using
femtosecond optical probe pulses. The results from the two methods are in agreement with each
other and may be useful as non-destructive in situ diagnostic methods for optimized poling of
integrated waveguides.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Periodically-poled lithium niobate (PPLN), which can achieve quasi-phase matching (QPM) of
nonlinear interactions between different wavelengths beyond the limitations and complexities
of Type-I and Type-II phase-matching in LN, is used to realize waveguide devices that are
useful in quantum communication [1,2], optical parametric oscillators [3-5], and wavelength
converters [6,7]. Further improvements in performance are anticipated when using thin-film
lithium niobate (TFLN), which achieves a smaller mode cross-sectional area, and thus, higher
nonlinear conversion efficiency, compared to diffused or proton-exchanged LN waveguides. Thus,
high-fidelity periodic poling of thin-film lithium niobate (TFLN) will be essential for efficient
integrated nonlinear optical devices using the TFLN materials platform, which are recently being
studied [8-13].

Periodic poling of lithium niobate (LN) is achieved by the application of a strong electric
field to the crystal through lithographically-defined electrodes on LN surfaces. The electrodes
are fabricated in a periodic pattern, which creates a periodic reversal of the ferroelectric
domain orientation, and the resulting periodicity of the nonlinear polarization achieves a crystal
momentum that assists in phase-matching of waves that would normally not interact. At the
microscopic level, uniform and accurately-sized periodically-inverted domains are the sign of
high poling quality. Perhaps the most popular conventional way to evaluate poling quality is
one based on selective HF etching [14], but the process is difficult to control in thin LN films,
and especially in hybrid devices which include materials, such as silicon dioxide, which are
themselves etched by HF. Moreover, the process of HF etching also damages the LN waveguide
itself, and is not a method that can be used for in-process diagnostics of the same waveguide.
Thus, there is need to develop diagnostic methods for studying the poling characteristics of TFLN
devices, and in particular, in-situ methods that do not destroy the waveguide or the surrounding
materials.

Other methods of investigating the domain structures are second harmonic (SH) microscopy [15—
18], and piezo-response force microscopy (PFM) [19,20]. As shown so far, in-situ second
harmonic generation (SHG) measurement [21,22] requires knowledge of the phase matching
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conditions before poling. Missey et al. [23] and Grilli et al. [24] have presented in-situ visualization
of the domain formation process in bulk LN, while the demonstrated resolution was on the order
of tens of microns. Karlsson et al. [25] developed a real-time poling monitoring technique,
based on the electro-optic effect in ferroelectric crystals. This technique has been successfully
demonstrated in the poling process of bulk KTP and RTP [25-27]. However, poling monitoring
of TFLN has not yet been presented.

Here, we demonstrate poling diagnostic methods using hybrid TFLN devices, formed by
bonding of unetched x-cut lithium niobate on insulator (LNOI) dies to patterned and planarized
silicon photonic dies which have rib waveguide features. The thickness of the LN layer was
600 nm and of the Si layer was about 150 nm; the width of the Si rib was 320 nm and the
lowest-order waveguide mode had an effective area of Acg ~ 1.13 umz. In contrast to etched
TFLN waveguides, these multi-layer structures do not require etching of LN, and the bonding can
be performed at room temperature, with a low-temperature anneal cycle, after the silicon photonic
fabrication (e.g., at wafer scale, using cost-effect multi-process wafer fabrication runs) has been
completed. In this way, integration of passive and active TFLN devices with integrated photonic
components (e.g., tapers, splitters, combiners, couplers, etc.) formed entirely in other layers has
already been shown [9,28]. Here too, the rib features in this study were formed using silicon,
which allows a convenient monitoring method using 1550 nm guided light which is sufficient for
the present purposes. The hybrid waveguides provide lateral modal confinement solely by the
rib feature patterned in the Si layer, while keeping most (75% and 85% for the fundamental TE
and TM mode, respectively) of the (Poynting) power in the LN material. However, it should be
noted that hybrid Si-LN waveguides are not suitable for usage at wavelengths shorter than about
1.1 microns; for those wavelengths, similar results may be obtained using hybrid silicon nitride,
silicon carbide or other materials which can be bonded to LNOI. For this study and validation of
the diagnostic methods, the poling period was chosen arbitrarily to be 5 um, which is compatible
with photolithography; other poling periods could be selected for a specific application e.g.,
difference frequency generation of infrared wavelengths, or parametric wavelength conversion.
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Fig. 1. (a) Schematic illustration of the poling monitoring process. Inset shows the not-to-
scale cross-section of the hybrid Si-TFLN waveguide. (b) Top-view optical micrograph of
the fabricated chip, which includes hybrid Si-TFLN waveguides and two sets of poling and
monitoring electrodes.

2. Concept

A schematic illustration of the fabricated device is shown in Fig. 1(a), with the stitched microscope
images of a fabricated device shown in Fig. 1(b). The TFLN waveguides were fabricated using
the oxide-bonding process we have previously described in detail for ultra-high RF frequency



Research Article Vol. 27, No. 9 | 29 Apr 2019 | OPTICS EXPRESS 12027

Optics EXPRESS NN R

-

electro-optic modulators [28]. Two sets of electrodes, labeled poling and monitoring electrodes
in Figs. 1(a) and 1(b), were fabricated by photolithography. In cross-section, the electrodes
consist of a 10 nm Cr adhesion layer deposited on TFLN, followed by a 100 nm Au layer. For this
study, we fabricated poling electrodes with a uniform 5 um period, and with different duty cycles
(the fraction of the period that is covered by Au) ranging from 25% to 50%. The separation gap
between the two opposing electrode “teeth” facing each other (see inset of Fig. 1(b)) was defined
by lithography to be 10 um, based on an estimate of the critical field required for initiating poling
(described further below). The center of the optical mode in the hybrid waveguide is placed
closer to the positive poling electrodes, which allows the optical mode to see the most uniformly
inverted region, based on insights in poling thin films [11]. Figure 2 depicts the simulated electric
field distribution (using COMSOL) in the poling region with 400 V applied to the monitoring
electrodes. As shown in Fig. 2(b), the optical mode (calculated by Lumerical Mode Solutions)
sees relatively uniform electric field in both the poled and unpoled area during the monitoring
steps.
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Fig. 2. Numerically simulated electric field distributions (all shown in E; component) with
400 V applied to the monitoring electrodes (separated by 150 pm, not shown here). (a) E;
distribution in the y-z plane, at a slice through the middle of the TFLN region. The white
solid lines indicate the edges of three pairs of poling electrodes, and the "+", "-" labels show
the polarity of the electrodes. (b) E; variation in the z direction along the two dashed lines
shown in (a). Simulated E field intensity of the fundamental TE optical mode is overlayed
in the plot, which shows the electrical field distribution seen by the optical mode. (c) E;
distribution in the x-z plane. The "+", "-" labels show the polarity of the electrodes.

Hybrid Si-TFLN waveguides were used to couple light into and out of the chip. Continuous-
wave laser light at 1550 nm wavelength, polarized at 45° to the x and z axes of the TFLN
microchip (see Fig. 1), was launched along the y axis, through the hybrid Si-TFLN waveguides.
Tapered lensed fibers were used to couple light to the chip. When a voltage was applied to the
electrodes (inducing an electric field along the z axis), the electro-optic effect rotates the output
state-of-polarization (SOP) of the transmitted light. We quantified the change in the SOP by
transmitting the light through a fiber-coupled polarizer and measuring the power on a photodiode.
The voltage (linear) ramp was synchronized to the photodiode readout, so that the resulting
waveform could be observed and interpreted as an “oscillation” (or lack thereof) of the recorded
output light power (Pyy) versus (probe) voltage.
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Analytically, P,y depends on the total phase retardation between the x and z components of
the light (I"), and can be expressed as [26]:

Pout o (1 — COS r)’ (1)

where, in bulk LN, I is described by [26]:

2 2 nl n n n
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E, is the magnitude of the electric field applied for monitoring in the z direction, L is the total
length of the poling region, x is the length of the inverted domains, n(,, .} is the refractive index
in the x or z polarized direction, rj3 and 733 are the electro-optic coefficients of LN, and A is the
wavelength of the input light. The poling duty cycle (¢) is defined as £ = x/L X 100%.

The physics of Eq. (2) describes the differential phase accumulation between the two interfering
field components, which translate, in the context of TFLN waveguides, to the (quasi-) TE and
TM polarized lowest-order modes. Thus, in our experiment,

= 20— nIL + 2 {[AnTE(E:) ~ AnED)] (L~ ) + [AnTE-E2) — AT E0)] o),

3)
where Ane{gE’ TM}({Ez, — E,}) is the fundamental TE or TM mode index change in the unpoled or
poled region, respectively. Note that, here, the sign reversal of the electric field is equivalent to that
of ri3 or r33, because An]iTNE TM}(EZ) = —l/Zn%Z LSS 13} E,, for the TE and TM polarizations,
respectively. ’

In the case of unpoled bulk LN (x = 0), as one applies a linearly-increasing E field, i.e., a
voltage ramp, the measured Py would behave as 1 — cos{I" + I'[E,(¢)]}, where I and I'[E,(¢)]
are the phase differences caused by the modal dispersion and the electro-optic effect, respectively.
During poling, the oscillation gradually disappears as & increases from O up to 50%, and then
appears again as the poling duty cycle increases further. This is because the phase retardation in
the inverted and uninverted domains will be mutually cancelled out if L = 2x (i.e., duty cycle =
50%), which results in I'[E,(¢)] = 0.

In the hybrid Si-TFLN waveguides, Ani;E’ TM}(Ez) + -1/ 211?Z 733 13} E;. Therefore, we
used a finite-difference eigenmode solver to simulate the waveguide cross-section and calculate the
effective indices. (Our previous work has verified the accuracy of these models [9].) Figure 3(a)
depicts the cross section of the hybrid Si-TFLN waveguide used in the simulations. The axial
components of the calculated Poynting vector (i.e., along the propagation direction) for the
fundamental (quasi-) TE and TM lowest-order modes are shown in Fig. 3(b). The hybrid
waveguides are designed so that the optical mode is laterally confined in the Si waveguide while
most (75% and 85% for TE and TM mode, respectively) of the power resides in the LN region.
Such a structure provides a nearly linear relationship between the mode refractive index variation
and the applied electric field in the hybrid Si-TFLN waveguide, which is very similar to that of the
bulk LN (see Fig. 3(c)). Therefore, when exactly half of the sample is poled, we expect that the
measured monitoring signal will be almost flat as a function of the monitoring voltage, the same
behavior as seen in bulk LN (see Fig. 3(d)). The slight nonlinearity of An.g with respect to E, in
Fig. 3(c) is because the portion of light confined in the LN region, relative to the surrounding
materials, changes with the applied voltage. However, this effect is minor, and the trend shown in
Fig. 3(c) appears linear, for all practical purposes.
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Fig. 3. (a) Not-to-scale schematic cross section of the hybrid Si-TFLN waveguide. (b)
Simulated TE and TM mode Poynting vector components along the direction of propagation
at 1550 nm. (c) Calculated TE and TM mode refractive index variation as a function of the
applied electric field in hybrid Si-TFLN waveguides (solid line) and bulk LN (dashed line).
(d) Calculated 1-cos[I'(E;)] as a function of the applied electric field with different poling
duty cycles.
3. Method

3.1. Bonded TFLN poling and monitoring

The voltages required for poling TFLN are generally less than 1 kV, which is much smaller than
for poling conventional LN waveguides. No special holder was required; however the device was
poled with transformer oil surrounding the probe-pad contact point and the immediate vicinity of
the electrodes along the entire length of the waveguide, which helped prevent arcing and electrode
breakdown. We applied a sequence of 500 V or 600 V pulses to the poling (electrical) circuit
using a high voltage amplifier (HVA) as shown in Fig. 4(a). We choose a commonly-used poling
voltage waveform (see Fig. 6(a)), i.e. a rapid ramp-up of the poling voltage to a value higher
than voltage required to exceed the coercive field strength (here, calculated to be about 210 V),
which initiates the generation of nucleation sites, followed by a slow ramp-down of the poling
voltage, which stabilizes the newly-formed domains (in analogy with the known mechanisms in
bulk LN [29]).

The optical monitoring technique was included as part of the poling setup, as shown in
Fig. 4(a), which allows diagnostics of poling without removing the chip from the setup. A
linearly-increasing voltage waveform i.e., a ramp, with a minimum at 0 V and a maximum at
400 V over 50 s was applied to the monitoring electrodes, and the output light power was recorded
by a multimeter. Traces were recorded before poling was initiated, and were also recorded after
each poling pulse. By comparing the magnitude and number of oscillations in the measured
monitoring signals, we can infer how much of the LN has been poled; the oscillations (as a
function of probe voltage) are expected to nearly completely disappear when exactly one-half of
the LN is poled, and are expected to be clearly evident both for under-poling and for over-poling.
In principle, the monitoring process can be performed while poling the samples, for a true in-situ
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measurement, as shown in references [25-27]. However, we choose to separate the monitoring
and poling process in our experiment, in order to quantify the poling results.
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Fig. 4. Schematic illustrations of the poling and poling monitoring setup (a), measurement
process (b), and the SH microscopy setup (c).

3.2. Domain structure visualization

As an integral method, the optical transmission monitoring technique provides us the poling
information path-averaged along the entire hybrid waveguide structure, but it can not resolve the
local inhomogeneities of the inverted domains in thin-film lithium niobate. To supplement these
measurements, we performed second harmonic microscopy to gain some insights in the local
texture of individual domain structures of the hybrid TFLN waveguides. The setup is shown in
Fig. 4(c). The technique makes use of the fact that the SH generation observed in back-reflection
(i.e., in the absence of any user-induced phase-matching) upon surface illumination using
femtosecond optical pulses is highly sensitive to local changes in crystal structure and symmetry.
Previously, this technique has been used to visualize domain structures in thin-film and bulk
LN [15-18,30-32]. In our setup, a femtosecond Ti:Sapphire (95 MHz repetition rate, < 100 fs
pulse length, 25 mW focused power) operating at around 800 nm wavelength was focused, via an
infinity corrected objective lens (NA = 0.55), on the sample surface. Depending on the nonlinear
properties in the focus region, second-harmonic light (around 400 nm wavelength) is generated,
which was collected in back-scattering mode using the same objective. The reflected pump light
was blocked by a dichroic beam-splitter and band-pass filters. The filtered SH light was detected
by a single-photon avalanche diode (SPAD) connected via a single-mode optical fiber with a
2.4 pum core diameter, which also served as the confocal pinhole. The optical system provides in
vacuum a lateral resolution of about 400 nm and an axial (depth) resolution of about 2000 nm. It
should be noted, that the depth resolution and to a lesser degree the lateral resolution deteriorates,
when focusing into refracting media [33]. For our experiment this is of no concern, as these
effects start to become noticeable, when focusing tens of microns below interfaces. However, in
our experiment we are investigating the TFLN layer exposed at the surface, which in any case is



Research Article Vol. 27, No. 9 | 29 Apr 2019 | OPTICS EXPRESS 12031

Optics EXPRESS

thinner than the depth resolution. Due to the confocal configuration, scanning of the sample,
rather than the beam, was performed in order to generate a “map” of the domain structure. To
achieve this, the sample was mounted on a 3-axis piezo-stage and scanned, whereas the optical
beam maintained a fixed focus point. In order to create a typical 2D image, a selected region was
scanned with 100 nm step width along the y and z axes of the TFLN, and 10 ms signal integration
time per acquisition point. Please note, that the step width is chosen to be smaller than the optical
resolution to acquire an image with a resolution limited by the optical setup rather the step size.
In these experiments, the chip was removed and replaced, in order to image the gradual growth
of the inverted domains after each poling pulse, while the scanned area was kept the same. Exact
re-positioning of the sample was not achieved, resulting in some mis-alignment in the visual
appearance of successive traces, as evident in Fig. 6(c). These do not significantly affect either

the results or the interpretation.
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Fig. 5. (a) Typical SH microscopy scan result of a poled sample. For clarity the waveguide
and electrodes are highlighted in red and yellow, respectively. (b) Sketch of the imaging
and domain geometry of the scanned region in (a). Poled regions are marked in orange,
while unpoled lithium niobate is colored in gray. (c) Not-to-scale cross-section of the sample
highlighting the involved processes, i.e. BW SHG, FW SHG and reflections at the interfaces.
(d) Simulated SH signal for a varying relative domain depth x. (e)-(f) Line scans of the
nonlinear signal taken along the lines highlighted in (a). (g)-(h) Sketches of the suggested
depth profile of the domains estimated from the simulation results in (d).

Figure 5(a) shows an as-measured second harmonic image taken around two electrode pairs
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after applying four consecutive poling pulses to the sample, as shown in Fig. 6(a). For comparison
Fig. 5(b) shows a simplified sketch of this region highlighting the scan area in relation to main
features. In this sketch, unpoled regions are colored in grey, while poled regions are colored in
orange. Electric-field-driven ferroelectric domain reversal in LN is typically characterized in
four steps [34]: (1) nucleation of new domains, (2) axial growth along the z axis of the crystal,
(3) lateral spread and growth in the x and y directions of the crystal and (4) coalescence of
neighboring domains. Domain reversal in bulk and thin-film LN is usually observed to start at
the positive electrode [18,35], which is traced back to the difference in Schottky barriers at polar
surfaces in LN [36]. The nucleation probability of new domains scales exponentially with the
applied field [29, 37]. Therefore, we expect domain nucleation to start only close to the positive
electrode tips, which is also observed. The domain propagation speed is characterized by a
pronounced asymmetry, where the growth in the axial direction is about two to three orders of
magnitude larger, than the spread in the lateral direction. Domains in congruent lithium niobate
typically grow in hexagonal cross sections in the x-y plane, with the y axis of the crystals pointing
into the corners of the hexagon [35]. Therefore, we expect the newly-formed domains close to the
positive electrodes to be broader, and gradually tapering down towards the negative electrodes,
and we also expect a similar behavior along the vertical dimension (i.e., in depth), as indicated by
the simplified sketches of the cross sections in Figs. 5(g) and 5(h).

As the sketch Fig. 5(b) suggests, the second harmonic image can be divided into three main
sections: the electrodes, the unpoled, and the poled regions. Further, the Si waveguide is visible
as a line with decreased, but nonzero intensity. For visibility it is highlighted by a red border.
The electrodes, which are highlighted by yellow lines, provide no SH signal, as the metal is
not transparent and has no x® nonlinearity at this wavelength. The unpoled regions of the
TFLN provide a homogeneous SH signal level due to the intrinsic nonlinearity of LN. The poled
regions feature the general trapezoid shape with a broader base close to the positive electrodes as
described above, but an additional substructure with broad dark areas surrounding bright areas is
also observed. To understand these observations, the contrast mechanism in the system needs to
be considered. In general, the pump light will generate second harmonic generation in forward
(FW), i.e. propagation in the same directions as the pump beam, or backward (BW) direction, as
shown in Fig. 5(c). BW and FW generated SH light is characterized by different phase matching
conditions and therefore coherence lengths for the SHG process (FW: Ak = ksy — 2ks; BW:
Ak = ksg + 2ks [17]). Taking the extraordinary refractive indices of lithium niobate at the
pump and SH wavelength into account, this results in a coherence length of Ic, pw =~ 44 nm for
BW scattering and Ic, pw =~ 1275 nm for FW scattering. If BW scattering is the only dominant
process in SH microscopy of the TFLN, one will expect a dark contrast for two stacked domains
of opposing direction almost independent of their relative thickness. This is similar to previous
observations of stacked domains in a similar geometry, where reference beams [31] or reference
samples [38] can be used to visualize domains or domain polarity, rather than domain walls.
However, in the thin film geometry, the FW generated light will also be detected in the backward
direction due to reflections at the LN/SiO, and SiO,/Si interfaces. The SH intensity scales
quadratically with the interaction length. The interaction length for FW generation is more
than 10 times longer, than the coherence length of BW generation, and also is more than twice
the thickness of the TFLN. Therefore the FW signal will be more than 2 orders of magnitude
larger, compared to the BW generated SH light. Based on the refractive indices at 400 nm, the
reflectivity at the interfaces can be estimated at 0.05 for the LN/SiO, interface, and up to 0.34
for the Si/SiO, interface, due to the high index of Si at 400 nm (up to 5.57) [39]. This presents
an explanation for the large intensities, we observed in SH microscopy from the TFLN. The
importance of reflected signal from the bottom layer, also can explain another observation in
the data. Although the waveguide is below the layer, its presence is clearly visible by a drop in
SH intensity in the scan, which can only be explained if light interaction with the layer below
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the film contributes to the detected signal. Here, the only 320 nm wide waveguide will partly
diffract, scatter and absorb the FW generated SH signal, leading to a reduction in intensity.

The coherence length for FW generated light is longer than the TFLN thickness. Therefore,
the FW generated light can coherently and continuously interact over the complete thickness of
the film. For a growing domain with thickness d (Fig. 5(c)), a continuously decreasing signal
with a minimum at about half the film thickness may be predicted. This is consistent with our
observation of a gradually decrease and increase of signals in the suspected partially poled
regions. It should be noted that the sensitivity for the inversion depth is purely dependent on the
coherent nature of the nonlinear process, and is at first order not dependent on the diffraction
limited depth resolution of the optical system.

To confirm this prediction, we have modeled the nonlinear response for a partially poled film
in back-reflection based on a model and code developed by Sandkuijl et. al. [40]. The model can
describe the nonlinear response from an arbitrary y'? distribution in a full three-dimensional
focus calculation, as well as includes reflection from planar interfaces for fundamental and
SH light treated in a transfer matrix formalism. For more details on the code and calculation
methodology, the original work by Sandkuijl et. al. [40] should be concerned. In our calculation
we assume a numerical aperture of 0.55, illuminated with linear polarized plane waves. The
polarization is aligned parallel to the z axis of LN and the focus is placed at the center of the
LN layer. For simplification the y®) of LN is only represented by a single tensor element d3,
which is similar to our experiment. Due to the used low order NA, the amount of non-x polarized
components in the focus spot is minimal. The model includes a 600 nm film of lithium niobate
on a 3.2 um SiO; layer, with a silicon substrate, similar to our structure as shown in Fig. 3(a).
The waveguide is currently not included in the model, as the calculation can only treat reflections
between infinite interfaces orthogonal to the beam propagation. All materials are described with
their respective refractive indices at the fundamental and SH wavelength (LN(e): ny = 2.1755,
nsg = 2.3321; SiOy: ny = 1.4533, ngg = 1.4701; Si: ny = 3.7, nsg = 5.57) [39,41,42]. In
the simulation, the depth d of a domain with — X(z) is increased in 10 nm steps in the TFLN, as
shown in Fig. 5(c), and the SH intensity collected by the objective in backscattering is calculated.
The simulation result is normalized to the maximum intensity observed for a fully inverted
(x = 1) or non-inverted (x = 0) domain. The result is depicted in Fig. 5(d) and shows a gradual
decrease of the SH intensity to a minimum of 15% for a roughly 50% inverted film. The
decrease is not symmetrical, which suggests a more complex interplay of reflections, resonant
enhancements or phase matching. The weak oscillations, for example, are consistent with a
period of about 90 nm hinting a BW phase-(mis)-matched process being responsible for parts of
the signal. The simulation suggests that SH microscopy may be able to detect the inversion depth
non-destructively and with high resolution, i.e. line scans as displayed in Figs. 5(e) and 5(f), may
be interpreted as partly inverted films as in Figs. 5(g) and 5(h). However, for a more conclusive
answer, a more detailed investigation of this process is required, e.g. understanding the effects of
film thicknesses, handle materials and limits of this method, which is beyond the scope of this
work.

4. Results and discussion

The measured poling voltage and current waveforms are shown in Fig. 6(a), the optical monitoring
signals are shown in Fig. 6(b) and the domain-wall images using SH microscopy are shown
in Fig. 6(c), after a certain number of poling pulses were applied. For these measurements,
the length of the poling electrode was L = 0.95 cm, with 5 um period and 35% duty cycle.
Four 500 V and twelve 600 V pulses were applied to this sample in total. However, not all the
applied pulses made notable contributions to the poling process, which will be explained further
below. The TFLN used in this experiment was commercially acquired (NanoLN, Jinan Jingzheng
Electronics Co., Ltd.) and is single-domain film before poling.
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As shown in Fig. 6(a), a large current spike was measured during the first voltage pulse,
which suggests most of the nucleation cites have been generated near the electrode that carries
the positive charge. The recorded monitoring signal (Fig. 6(b), solid red line) shows fewer
oscillations compared to what was measured before poling (Fig. 6(b), solid purple line). This
suggests that some of the domains have propagated, upon application of the poling pulses, to
the physical region of the LN film where the optical mode sits. This agrees well with the SH
images shown in Fig. 6(c), where red and yellow solid lines were added manually to outline the
Si waveguides and the poling electrodes respectively.

After the fourth poling pulse, the oscillations in the monitoring signal further decrease, which
suggests that the poled area grew more into a region shared with the optical mode; this is
confirmed by the SH image. We observed a decrease in the poling voltage on the sample after the
first poling pulse, when keeping the output voltage from the high-voltage amplifier constant at
500 V. This may be because the generation of domain walls may have increased the conductivity
of the TFLN [43,44]. This may also explain why we did not observe a noticeable domain growth
in the z direction until we increased the poling voltage from 500 V up to 600 V. Oscillations
in the monitoring signal almost disappeared after the sixth poling pulse, which indicates the
desired end-point of the poling process at which about one-half of the LN region, as sampled
by the guided optical mode itself, has been poled. Note that this does not mean that the poling
duty cycle is 50% everywhere, and indeed, the SH image of a certain portion of the waveguide
shows that the area near the positive electrodes is slightly overpoled, while the other side stays
underpoled. For this experiment, we proceeded to pole further, and as expected, the oscillations
are once again clearly measured. This demonstrates the usefulness of the optical monitoring
method in non-destructively measuring the poling characteristics of TFLN waveguides.
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Fig. 6. (a) Measured poling voltage and current waveforms. (b) Recorded poling monitoring
signals. (c) Second-harmonic confocal microscope images, after the indicated number of
poling pulses were applied.

Here, to better evaluate the consistency of the two methods, we extract the poling duty cycle
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(&) by fitting the measured monitoring signals, based on the following equation:
Pout = A X (1 — COs [A¢in(§m) + A¢(§m) + ‘9]) +C. (€]

Poy is the recorded monitoring data, A¢i, (&) and A@(&y,) are the phase differences between
the TE and TM mode in the inverted and uninverted regions, assuming the poling duty cycle is
&m, which are calculated based on the simulation results from Eq. (3). The fitting parameters
are A, 0, &n and C. Note that to extract these parameters, we also need to know the actual
electric field (ER) in the monitoring region. Here, Eg was calculated by fitting the recorded
monitoring signal before poling. A good agreement is obtained by setting Er = 3.5 kV/mm in
contrast with the simulated value E, = 7.2 kV/mm (see Fig. 2(b)). This discrepancy may come
from the differences in the actual waveguide structure and material properties compared to the
assumptions made in the simulation, which did not take into account finite conductivity of the
electrodes, imperfect contacts, or other sources of the voltage loss. In addition, 400 V was the
output voltage from the HVA, the voltage applied on the sample is approximately 350 V. For the
four poling pulses shown in Fig. 6, the predicted poling duty cycles are 20%, 29%), 64% and 75%.
Substituting these parameters in Eq. (4), we were able to reproduce the measured monitoring
signal after each poling pulse (Fig. 6(b), dashed green lines).

In agreement with the monitoring data, the nonlinear images in Fig. 6(c) show a gradual
increase of the poled area after each pulse. A particular large increase can be seen at pulse 6
compared to the previous images, as the voltage was increased. Assuming this local SH image is
representative of the complete device, the images can be used to estimate the poling duty cycles.
We numerically define and calculate the poling duty cycles based on the SH images as

Ao N A;
& = % x 100%. 5)

Ao is the area where the optical mode sits; this area was defined here as the geometrical rectangle
that extends =2 um from the center of the Si waveguide. Aj, is the area that represents the
inverted region, which is the area outlined by the boundaries of the inverted domains as identified
by SH microscopy. This formula itself can provide an estimation of the duty cycle, if an area
(that overlaps with the optical mode) is completely inverted, i.e. the measured SH signal level is
similar to the unpoled regions, and a thin boundary to an uninverted region is observed. Note that,
as is mentioned above, the prerequisite for applying Eq. (5) to the measured SH images is that the
local SH image is representative of the entire structure, i.e. the uniformity of the poled regions is
fairly good along the y axis of the TFLN. In our experiment, these conditions are satisfied only
after the sixth voltage pulse, where all depicted inverted regions in the image show a comparable
width and general appearance. In contrast to this, for the preceding pulses each inverted region
has a unique shape, width and appearance, rather than a similar shape. For example after the first
pulse, some areas around the waveguide have already been completely inverted as shown by the
SH images, while other areas are only partly inverted and to a varying degree. Therefore, for the
pulses before the sixth pulse, we can only estimate an effective duty cycle of less than 50% as an
upper boundary, which is in agreement with our observations from the monitoring signals. The
interpretation of the SH contrast mechanism, as explained in Sec. 3.2., suggests that it may be
possible to extract an approximate depth of the inverted domain from the signal decrease of the SH
signal level. This mechanism, combined with optimized poling recipe (better poling uniformity),
might allow us to estimate an effective duty cycle for partly inverted structures. However, further
investigations are necessary to understand the detailed mechanisms and influence of different
parameters, such as the signal decrease due to the waveguide or oxide and TFLN thicknesses,
which is beyond the scope of this work.

The SH images indicate the inhomogeneity of the inverted domains along the z axis. To
improve the poling process further, there are a number of steps that could be taken. We conjecture
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that poling homogeneity in the z direction can be improved by using a thin insulation layer to
prevent domain spreading in the y direction [45]. Narrower poling electrodes, with a smaller duty
cycle, in combination with shorter and higher poling pulses may also help in achieving uniform
poling.

Figure 7 compares the &, values with the calculated &sy values, where &, shows a clear
transition from under-poling to over-poling. Despite the small areas of the SH scans, the results
from the two methods are in agreement with each other, which indicates a comparable domain
structure over the complete sample. SH images were not recorded after the eighth, nineth, or
eleventh through fifteenth voltage pulses, because these pulses were applied consecutively, without
stopping the experiment to remove and measure the microchip in the SH setup as previously
observed changes were only minor.

100 e
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Fig. 7. Comparison of the predicted poling duty cycles (&y,) inferred from the recorded
monitoring signals, and the calculated poling duty cycles (¢£s5y) based on the measured SH
images.

5. Conclusion

In summary, we showed gradual poling of bonded hybrid TFLN waveguides using a series of
voltage pulses between 500 V and 600 V, and we developed and demonstrated an electro-optical
monitoring technique for suggesting the ideal end-point of the poling process, i.e., how many
voltage pulses should be applied. Here, the predictions of the optical monitoring technique were
validated by the second-harmonic images. This technique, combined with second harmonic
microscopy can provide us both local and global information of the poling results, and thus yield
useful data that may improve the tailored development of optimized poling recipes and improved
device structures. This technique can also be used together with conventional monitoring
techniques such as readout of the voltage and current characteristics, and second harmonic
generation measurements. Additionally, in contrast with HF-etching based diagnostics, all of
these methods are non-destructive. We believe the techniques and results presented here will
benefit and accelerate the development of integrated quasi-phase-matched structures in integrated
photonics incorporating thin-film lithium niobate.
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