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6 ABSTRACT: We introduce a monolithic LiNbO3 membrane
7 platform that bridges bulk and thin-film approaches, enabling
8 custom-tailored waveguide cross sections. Using a combination of
9 saw dicing and reactive ion etching (RIE), we fabricate LiNbO3
10 structures with adaptable thicknesses ranging from 400 nm to
11 several microns, identifying 2 μm as an optimal value for addressing
12 key challenges in frequency conversion. Our platform demonstrates
13 robust second harmonic generation (SHG) with a broad pump
14 wavelength response of up to 150 nm within the C-band at room
15 temperature, achieved by tuning the waveguide thickness, while
16 maintaining low coupling losses of 0.8 dB/facet. These results
17 represent a significant step toward versatile integrated photonic
18 systems, advancing applications in broadband spectroscopy,
19 quantum information processing, and sensing through efficient and spectrally agile nonlinear frequency conversion.
20 KEYWORDS: thin-film lithium niobate, nonlinear optics, second-harmonic generation, integrated photonics, electro-optic devices,
21 broadband frequency conversion

22 ■ INTRODUCTION
23 Lithium niobate (LiNbO3) is a cornerstone material in
24 integrated photonics, valued for its strong second-order
25 nonlinearity, reproducible fabrication, low propagation losses,
26 and wide transparency range. Since the commercial introduc-
27 tion of submicrometer thin-film lithium niobate (TFLN) in
28 2010, the technology has advanced significantly, positioning
29 LiNbO3 at a pivotal stage between traditional weakly confined
30 platforms and TFLN-based integrated photonics. Conven-
31 tional waveguiding techniques, such as titanium indiffusion and
32 proton exchange, have long underpinned LiNbO3 photonic
33 systems. Their weak optical confinement facilitates efficient
34 fiber coupling and robust packaging, making them well-suited
35 for high-bit-rate telecommunications and loss-sensitive quan-
36 tum optics applications.1

37 However, the increasing demand for compact, high-
38 performance photonic circuits has driven a transition toward
39 TFLN platforms, which enable submicron optical confinement,
40 leading to higher integration densities and advanced
41 functionalities in photonics and quantum circuits.2,3 Moreover,
42 TFLN offers strong potential for frequency conversion
43 applications due to its reduced cross-section enabling high
44 nonlinear conversion efficiency, especially in periodically poled
45 lithium niobate (PPLN) structures.4−6 But the thin film
46 implementation of PPLN also poses challenges. The reduced

47waveguide cross-section increases sensitivity to fabrication
48fluctuations, making it difficult to precisely control the
49operating wavelength and to maintain phase matching over
50more than a few millimeters. To address this issue, mitigation
51strategies such as patterning multiple waveguides per poling
52period,7 trimming,8 or adapting the poling process after
53waveguide fabrication9 are required, adding cost or complexity
54and potentially leading to yield losses.
55Beyond fabrication tolerances, large-scale adoption of TFLN
56faces global wafer production limitations and consequently
57higher costs than standard technologies. Optical coupling in
58TFLN circuits remains another challenge, often requiring
59specialized fiber interfaces, including tapered,10 lensed,11 or
60high numerical aperture fibers,12 as well as multilayer taper or
613D coupling schemes.12

62An intermediate solution involves micrometric-thick
63LiNbO3 film achieved through wafer thinning, which strike a
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64 balance between competitive light confinement and fiber
65 compatibility. These platforms also offer relaxed fabrication
66 tolerances13 while offering improved resistance to high-power
67 light. For instance, SHG waveguides with cross-sectional areas
68 of 3 × 4 μm2 demonstrate a SHG conversion efficiency of
69 1320%/W with an insertion loss of 3.8 dB.14 Micrometer-thick
70 LiNbO3 films also open the way to birefringence phase
71 matching, avoiding periodic poling PPLN and offering high-
72 temperature tuning capability.15 However, a micrometer-thick
73 waveguide on SiO2 is multimode, which can hinder data
74 processing or induce higher losses in curved patterns, unless
75 cautious is taken to excite mainly the fundamental mode of the
76 structure. Moreover, the process of wafer thinning introduces a
77 significant challenge to reach an adequate total thickness
78 variation (TTV) of the guiding layer across the wafer. While
79 postprocessing trimming can improve this accuracy to within
80 10 nm, the required equipment remains difficult to access,
81 presenting a barrier to widespread implementation.
82 To address these limitations, a monolithic multiscale
83 platform that combines bulk and thin-film approaches,
84 enabling any thickness ranges (Bulk, micrometer-thick, and
85 submicrometer thick) on a single wafer with accessible
86 technologies, can offer significant advantages, including
87 simplified fiber coupling, high power handling, and precise
88 local confinement control. Our previous work16−18 demon-
89 strated early progress toward this goal by developing a
90 precision circular saw dicing technique to locally thin Ti-
91 indiffused waveguides. This method forms thinned regions
92 hosting micromodulators with 60 pm/V electro-optic tuning
93 efficiency16 or SHG via birefringence phase matching, with a
94 broad 150 nm emission bandwidth and 10 nm/°C temperature
95 tunability.18 Additionally, the circular saw naturally forms an
96 adiabatic taper during thinning, ensuring a smooth transition
97 from the thinned zone to weakly confined Ti-indiffused
98 waveguides. This built-in tapering facilitates fiber coupling,
99 achieving a coupling loss of 0.8 dB per facet with standard
100 SMF28 fibers.17 However, the blade vertical positioning
101 inaccuracy (≈1 μm) is a challenge necessitating mitigation
102 strategies to determine the right operating point and restricting
103 widespread adoption.
104 In this work, we introduce a method combining RIE with
105 noninvasive tomography diagnostics, enabling the fabrication
106 of LiNbO3 membranes with thicknesses ranging from 400 nm

107to tens of microns with 20 nm precision. A key advantage of
108our approach is its ability to fine-tune membrane thickness
109after fabrication, offering flexibility across a wide range of
110TFLN and micrometric platforms. This method enables on-
111demand adjustment of operational parameters in devices such
112as photonic crystals, modulators, and frequency converters.
113We showcase thereby a SHG device with a 150 nm
114bandwidth in the C-band via type-I phase matching at ambient
115temperature. This achievement opens new possibilities for
116broadband spectrometers and wavelength-division multi-
117plexers. Our approach relaxes the strict subnanometer
118fabrication tolerances typically required for broadband
119TFLN-based PPLN architectures.7 It offers a competitive
120nonlinear conversion efficiency of 35%/W/cm2 and robust
121performance at CW optical power up to 500 mW. This
122combination of broadband operation, ambient temperature
123functionality, and fabrication simplicity positions our platform
124as a practical and flexible solution for advanced photonic
125applications.

126■ RESULTS AND DISCUSSION
127 f1Design, Fabrication, and Precision Calibration. Figure
128 f11 presents an artistic illustration of the proposed monolithic
129LiNbO3 platform. The device features Ti-indiffused wave-
130guides, which are laterally etched to form rib waveguides. Local
131thinning is then performed using precision circular saw dicing,
132resulting in suspended TFLN regions with controllable
133thicknesses ranging from 400 nm to several tens of microns.
134The circular blade geometry enables smooth, low-loss
135transitions between the weakly confined input waveguides
136and the high-confinement TFLN region, without requiring
137additional lithography or structuring steps.
138This approach enables the fabrication of a suspended
139micrometer-thick rib waveguide supporting SHG via type-I
140birefringent phase matching at ambient temperature. In the
141following, we detail the methodology developed to achieve
142accurate control of the TFLN thickness.
143Fabrication Process. The fabrication process begins with
144the creation of titanium-diffused waveguides on a 500 μm-thick
145LiNbO3 substrate. Additional steps, such as electrode
146deposition for EO modulators or rib waveguide etching for
147dispersion engineering, can be achieved afterward, targeting
148 f2specific applications before proceeding with membrane

Figure 1. Artistic view of a LiNbO3 chip with suspended membranes. This platform is suitable for a wide range of applications, including EO
modulators, photonic crystals, and nonlinear devices. The structure shown at the back of the figure corresponds to an EO modulator, previously
demonstrated in ref 16, exhibiting a tunability of 60 pm/V. In the foreground, we present a nonlinear waveguide designed for broadband and highly
tunable SHG.
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f2 149 thinning (as illustrated in the third step of Figure 2(a)). A
150 suspended membrane is then formed by thinning the backside
151 of the wafer down to a few micrometers. This step uses a
152 precision sawing process with a Disco Dicing Saw 3350,
153 followed by post-thinning correction using RIE to fine-tune the
154 membrane thickness.
155 Scalable fabrication of long and thin LiNbO3 membranes for
156 wafer-level photonic integration requires overcoming the
157 intrinsic limitations of conventional dicing techniques, most
158 notably blade wear and positioning accuracy. While the saw
159 blade method reported in ref 16 allows localized membrane
160 formation, it is unsuitable for wafer-scale integration or
161 fabricating membranes longer than 3 mm. Blade degradation
162 leads to inconsistent cutting depth, frequent releveling is
163 required to maintain precision and membrane integrity.
164 To address these issues, we developed a new dicing process.
165 It relies on bonding the patterned face of the wafer onto a
166 blank LiNbO3 support wafer using NOA 1382 optical adhesive.
167 Its low viscosity (15−25 cps) ensures uniform bonding, while
168 the support wafer provides mechanical stability during dicing
169 and structural consolidation after processing. Thinning is then
170 carried out in two steps: an initial cut using a wear-resistant
171 metallic blade, followed by a polishing blade that smooths the
172 groove and reduces the membrane to a target thickness of 8
173 μm. The details of this cutting method are provided in the
174 Methods section.
175 However, many photonic applications, particularly those
176 involving nonlinear interactions, require micrometric or
177 submicrometric thicknesses to enhance light confinement
178 and phase-matching conditions. To reach such thin dimensions
179 with high precision, we developed a postprocessing thinning

180technique based on RIE, capable of reducing the membrane
181thickness down to the submicron scale with high precision.
182This process combines both chemical and physical etching
183mechanisms and is conducted in controlled steps of 30 min
184etching intervals, each followed by a 10 min resting period.
185These pauses allow for thermal stabilization, which helps
186prevent membrane damage, ensures plasma stability, and
187maintains uniform etching rates. During processing, the sample
188is maintained at 20 °C with the membrane cavity side facing
189the plasma ion flux, ensuring uniform etching across the
190surface.
191To accurately predict the etching duration required to reach
192a target thickness eLN, we constructed an empirical model
193describing the evolution of the membrane thickness as a
194function of etching time:

= + · ·e e C k C( ) exp( time)LN LN0 195(1)

196Where eLN d0
is the initial thickness after the dicing step, k is

197the decay factor primarily influenced by the etching rate equal
198to 1.52 × 10−3 min−1, and C is a correction factor equal to 2.71
199μm for submicron thicknesses. This model, derived from
200experimental data collected across multiple membranes and
201etching durations, offers a reliable way to predict the etching
202time required to reach a desired final thickness. Additional
203details regarding the construction of this model are presented
204in the Methods section.
205Accordingly, eq 1 provides an estimation of the etching time
206required to thin membranes with initial thickness eLN d0

. To

207determine eLNd0
, we developed a nondestructive method (shown

208in Figure 2(c)) based on white light reflectometry of a beam
209focused to a 40 μm (detailed in the Supporting Information).

Figure 2. (a) Overview of the technological steps dedicated to membrane manufacturing. (b) Schematic view showing the key parameters required
for local thinning of waveguides using a precision saw, along with an SEM image of the chip backside showing two suspended membranes separated
by 1 mm. The red-boxed inset provides a zoomed-in view of the thinned cavity, highlighting the eLN = 8 μm membrane thickness achieved after the
two dicing steps. e is the initial thickness of the wafer, measured in a first calibration step. L is the blade footprint. The red-box inset also shows two
groove widths, typical of a two-step process. (c) The experimental setup for nondestructive membrane thickness measurement.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.5c01334
ACS Photonics XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5c01334/suppl_file/ph5c01334_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.5c01334?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


210 The membrane thickness is measured after successive RIE
211 etching cycles, which ensures a thickness control with an
212 accuracy of 20 nm.

f3 213 Figure 3 presents SEM images of submicron membranes
214 fabricated using the above-described technique. These
215 membranes were subsequently structured using FIB milling
216 to demonstrate a variety of pattern geometries.
217 To illustrate the potential of the LiNbO3 membranes, the
218 following section details the fabrication of a SHG component
219 based on the previously described technique. This component
220 holds significant promise for applications such as ultrawide
221 nonlinear frequency conversion.
222 Application: Nonlinear Frequency Conversion De-
223 vice. Expanding the capabilities of frequency converters in
224 thin-film LiNbO3 waveguides requires an optimized design that

225maximizes the interaction length while ensuring a broad
226response bandwidth. This is particularly crucial for applications
227demanding broadband operation in the mid-infrared (MIR) or
228visible range.19,20

229Conventional frequency conversion devices based on type-0
230quasi-phase-matching (QPM) through periodically poled
231LiNbO3 (PPLN) are often constrained by a narrow bandwidth
232in the telecom domain,4 typically around 10 nm. While some
233studies have demonstrated broader responses in the MIR
234through tailored dispersion engineering and the χ(2)

235interaction, achieving conditions where both group velocity
236mismatch (GVM) and group velocity dispersion (GVD) are
237minimized.21 Such solutions remain scarce in the telecom
238range, where achieving broadband frequency conversion
239without sacrificing efficiency remains challenging.22

Figure 3. SEM images of a submicrometric thick membrane made by precise dicing and subsequently structured by FIB milling.

Figure 4. (a) Schematic illustration showing the optical modes and the adiabatic transition from the input Ti-indiffused waveguide to the nonlinear
section where SHG occurs, along with a depiction of the rib waveguide structure and the geometrical parameters that control its dispersion. (b)
Calculated phase-matching wavelength versus waveguide thickness eLN.
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240 In our previous study,18 we demonstrated a device
241 combining perfect birefringent phase matching with a zero-
242 GVM condition between the pump and second harmonic,
243 significantly extending the conversion bandwidth to 150 nm-
244 wide in the telecom C-band, leading to efficient conversion
245 into a 75 nm-wide band in the visible range, with a conversion
246 efficiency of 40%/W/cm2. However, this device was leaning on
247 the use of temperature to precisely set the phase matching
248 condition, which can be a limiting factor for practical
249 implementation.
250 To address this limitation, we propose a membrane-based
251 rib waveguide that leverages type-I birefringence phase
252 matching and dispersion engineering to achieve broadband
253 frequency conversion at a chosen temperature, here at room
254 temperature. This approach requires precise control of the
255 thin-film thickness around 2 μm, where both phase matching
256 and GVM vanish.

f4 257 The device, illustrated in Figure 4(a), consists of a titanium-
258 diffused input waveguide ensuring efficient coupling with SMF
259 fibers.17 Optical mode transition is facilitated by two tapers: a
260 horizontal taper formed by etching and a vertical taper shaped
261 by precision sawing, allowing a seamless transformation from a
262 30 μm2 cross-section mode to a 5 μm2 cross-section while
263 minimizing propagation and transition losses. This architecture
264 enables efficient light confinement in the suspended membrane
265 region, where nonlinear interactions take place. This nonlinear
266 region contains a rib waveguide, with its cross-section
267 determined by parameters such as the etched height, width,
268 and slab thickness, as shown in Figure 4(a).
269 In this structure, the fundamental pump mode (TM00) is
270 polarized along the ordinary axis of LiNbO3 (no), while the
271 second harmonic (SH) is generated in the TE00 mode
272 polarized along the extraordinary axis (ne) when the phase-
273 matching condition is fulfilled

= =k n n
4

( ) 0o
pump

SH pump
274 (2)

275 Where npump and nSH are the effective indices of the pump
276 and SH modes, respectively. The phase-matching condition is
277 governed by both the waveguide cross-section and the intrinsic
278 birefringence of LiNbO3. In this study, the refractive indices
279 are deduced from Sellmeier’s eqs23,24 The waveguide cross-
280 section is a key element for controlling the phase-matching
281 wavelength. For instance, a waveguide cross-section of 23 μm2

282 allows phase matching at two distinct wavelengths, one in the

283near-infrared (NIR) and the other in the mid-infrared (MIR).
284These two-phase matched wavelengths merge to give a
285broadband response in the telecom C-band when the
286waveguide cross-section approaches 5 μm2.
287The waveguide cross-section can be adjusted by gradually
288modifying the total thickness eLN, the waveguide width, or the
289sidewall angle. In this study, we focus on the influence of
290membrane thickness on the conversion efficiency, as shown in
291Figure 4(b). The total thickness includes the etched rib height,
292fixed at 1.2 μm, while the width and sidewall angle are set at
2933.8 μm and 16°, respectively. The study is conducted at fixed
294temperature to eliminate temperature-dependent birefringence
295effects. The conversion efficiency is given by25,26

= = i
k
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OI d
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kL8

sinc
2

SH

pump
2 2

2

o pump
2

SH pump
2

2
31
2

eff

2

296(3)

297In this equation, PSH and Ppump represent the output second-
298harmonic (SH) power and input pump power, respectively. c is
299the speed of light in vacuum, and εo is the vacuum permittivity.
300The second-order nonlinear coefficient d31 is set to 4.3 pm/V,
301and Aeff refers to the effective mode area. The spatial overlap
302integral between pump and SH modes is OI. The nonlinear
303interaction length, L, is set at 1 mm, corresponding to the
304membrane length. The phase mismatch Δk plays a crucial role
305in determining the efficiency and bandwidth of the frequency
306conversion. It is mainly influenced by the group velocity
307mismatch (GVM) between the pump and second-harmonic
308waves, as well as the group velocity dispersion (GVD). Among
309these, GVM has the most significant impact on the bandwidth:
310as GVM approaches zero, the phase matching condition
311becomes less sensitive to wavelength variations, resulting in a
312broader conversion bandwidth.
313According to Figure 4(b), for thicknesses exceeding 1.87
314μm, dual-phase matching is observed, allowing waveguide to
315operate at two distinct wavelengths. For instance, a 1.92 μm-
316thick waveguide supports phase matching at 1325 and 1620
317nm, yielding SH wavelengths of 662 and 810 nm, respectively.
318By fine-tuning the thickness, the generated wavelength can be
319continuously controlled across this range. Notably, at a
320thickness of 1.86 μm, a broadband phase-matching response
321is achieved. Below this threshold, phase matching is no longer
322possible, underscoring a key limitation of LNOI technology,
323which is typically confined to submicron thicknesses.
324Regarding conversion efficiency, theoretical values reach

Figure 5. (a) Measured conversion efficiency as a function of rib waveguide thickness. (b) SH power as a function of pump power at 1535 nm,
demonstrating the quadratic increase in SH signal power.
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325 60%/W/cm2 for wavelengths below 1500 nm and approx-
326 imately 40%/W/cm2 at longer wavelengths.
327 Experimental Validation. The rib waveguide is formed by
328 etching the Ti-indiffused waveguide (see Supporting Informa-
329 tion for more details), resulting in the following dimensions: a
330 width of 3.83 μm, an etching depth of 1.23 μm, and a sidewall
331 angle of 16°. The waveguide is subsequently thinned using the
332 same membrane thinning process described previously,
333 yielding a final membrane thickness of 1.96 μm. This structure

f5 334 was then characterized for SHG performance. Figure 5(a)
335 presents the measured conversion efficiency as a function of
336 waveguide thickness. Theoretical curves, corrected by consid-
337 ering the propagation losses in the nonlinear region, were
338 incorporated alongside the measurements to validate the SHG
339 behavior. These curves were obtained using a modified
340 efficiency formula27,28 derived from eq 3
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342 where η represents the normalized conversion efficiency
343 without considering losses, Δk is the wave-vector mismatch,
344 and LNL corresponds to the nonlinear interaction length, set to
345 1 mm in our case. The terms αpump and αSH denote the
346 propagation losses of the pump and second harmonic signals,
347 respectively, expressed in cm−1.
348 The waveguide loss characterization was performed using
349 the Fabry−Perot method.29 The estimated total losses in the
350 nonlinear region were 1.95 dB for the TE polarization and 0.61
351 dB for the TM polarization. These values remain relatively
352 high compared to the average losses measured in a membrane
353 without the rib waveguide. This is likely due to sidewall
354 roughness, which is attributed to the quality of the etching
355 mask. In the future, postprocessing techniques, such as
356 annealing, will be considered to reduce these losses.
357 Nonlinear characterization was performed using two tunable
358 external-cavity lasers (T100S-HP ES and CL), covering a
359 wavelength range from 1350 to 1630 nm. The TM00 pump
360 mode was coupled into the waveguide using a polarization-
361 maintaining (PM) fiber, with precise alignment along the
362 crystal’s x-axis via a rotating stage. The SH output was
363 collected using a high-NA microscope objective and measured
364 with a silicon photodetector (Thorlabs S130C), while the
365 pump power was recorded using a germanium photodetector
366 (Thorlabs S132C).
367 To accurately determine the pump power at the nonlinear
368 region input and the SH power at the output, we corrected the
369 output powers by considering the average losses in the
370 nonlinear section, the taper transition, Fresnel reflection, and
371 microscope objective transmission. Figure 5(a) shows the
372 conversion efficiency measured after four thinning steps,
373 reducing the membrane thickness from 1.96 to 1.87 μm. The
374 experimental results, supported by simulations, reveal the
375 occurrence of dual phase-matching. These phase-matching
376 points converge at a membrane thickness of 1.87 μm, where
377 both the phase matching and GVM are equal to zero.
378 Consequently, the waveguide with a 1.87 μm thickness

379exhibited a broadband response centered in the telecom
380window, covering ≈150 nm. This represents the widest
381spectral bandwidth ever recorded through dispersion engineer-
382ing in the telecom range using χ(2) process in LiNbO3, while
383maintaining a competitive conversion efficiency of 35%/W/
384cm2.
385All measurements were performed at room temperature,
386demonstrating the robustness of the SHG process without
387requiring active temperature tuning. This contrasts with most
388frequency converters, which typically rely on temperature-
389controlled ovens to achieve phase matching.
390Figure 5(a) highlights the precise thickness control achieved
391during fabrication, with a resolution of 20 nm. This control
392enables fine-tuning of the phase-matching wavelength with an
393accuracy of approximately 30 nm within the 1250−1650 nm
394range. Notably, this accuracy is sufficient when compared to
395the full-width at half-maximum (FWHM) of the spectral
396response, which varies between 40 and 150 nm in this spectral
397range. For comparison, this 150 nm bandwidth is approx-
398imately 15 times broader than that typically achieved with
399Type-0 QPM in standard PPLNOI waveguide.4 As a result,
400thickness control of ±20 nm is sufficient to accurately tune the
401emission wavelength while maintaining efficient conversion.
402Throughout the measurements, the waveguide exhibited
403excellent power handling, sustaining up to ≈1 W of input
404pump power without degradation (471 mW output pump
405power), corresponding to an SH output power of ≈180 μW
406(Figure 5(b)). No evidence of photorefractive effects was
407observed, neither for the high-power pump in the telecom
408range nor for the second-harmonic signal. The phase-matching
409response remained stable and reproducible across multiple
410wavelength sweeps (5 min each), further demonstrating the
411platform’s reliability under experimental conditions.
412Finally, Figure 5(b) illustrates the quadratic dependence of
413SH power on pump power at 1535 nm. Although this
414wavelength is not optimal for peak conversion efficiency, as it
415represents the lower limit of the erbium amplifier used, the
416results remain consistent with theoretical expectations. The
417membrane’s high power tolerance confirms its suitability for
418nonlinear optical applications at high power levels, such as
419femtosecond laser frequency doubling. This demonstrates the
420potential of a single platform for dual-phase matching and
421broadband frequency conversion, without the need for
422temperature tuning.

423■ CONCLUSIONS
424In summary, the integration of precise thickness control in
425LiNbO3 membranes between 400 nm and a few tens of
426microns has enabled the fabrication of high-performance
427photonic devices with significantly enhanced nonlinear
428conversion efficiency and bandwidth. The demonstrated
429SHG device, operating at a fixed temperature, exhibits a
430broad 150 nm bandwidth and a conversion efficiency of 35%/
431W/cm2, showcasing the potential of our approach for various
432integrated photonics applications. For an interaction length of
4331 cm and an input pump power of 1 W, the device can achieve
434an overall conversion efficiency of 35% while offering a broader
435spectral bandwidth of 150 nm. By combining the advantages of
436both thin-film and bulk photonic platforms, our method offers
437a versatile solution for efficient light injection and fabrication
438implementation. While demonstrated here on a poling-free
439component, the platform is fully compatible with periodic
440poling and can therefore accommodate quasi-phase-matched
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441 structures. Beyond making fabrication more accessible, the
442 approach also offers postfabrication tunability through accurate
443 membrane thickness control, positioning it as a promising
444 technology for future applications in telecommunications,
445 wavelength-division multiplexing, and quantum information
446 processing.

447 ■ METHODS

448 Precision Dicing for Local Waveguide Thinning. As
449 previously described, the dicing process enables the membrane
450 thickness to be reduced down to approximately 8 μm.
451 However, achieving this target value requires an accurate
452 measurement of the initial wafer thickness e before initiating
453 the two thinning steps. A calibration procedure is first
454 performed using the metallic blade on an unused region of
455 the wafer. The blade is fully lowered, and the resulting groove
456 footprint L is measured (see Figure 2(b)). Assuming a blade
457 radius R = 50 mm, the wafer thickness e is then deduced from
458 the geometric relation

= i
k
jjj y

{
zzze R R L

2
2

2

459(5)

460This method provides bulk thickness estimation with an
461accuracy of approximately 200 nm.
462The same metallic blade used for calibration is subsequently
463employed to define the membrane cavity in five successive
464passes, resulting in a 500 μm wide groove and reducing the
465thickness to about 30 μm. The polishing blade is then
466employed to further reduce the membrane thickness to 8 μm
467while simultaneously improving the surface quality of the
468cavity sidewalls. As shown in Figure 2(b), the zoomed SEM
469image confirms the improved sidewall smoothness resulting
470from the polishing step. Once the membrane is formed, the
471bonded support wafer can either be removed to expose the
472freestanding region or retained to provide mechanical stability.
473The membrane thickness itself typically ranges from 7 to 9 μm.
474To further reduce the thickness and reach submicron values
475with nanometric precision, this process is then combined with
476a RIE post-thinning step. This RIE technique enables fine

Figure 6. (a) Diagram showing SEM images of the membrane thickness evolution after each etching step. (b) Experimental plot of membrane
thickness as a function of etching time for different initial thicknesses. The measurements follow the empirical calibration equation. (c) Evolution of
etching depth versus etching time.
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477 control over the membrane thickness, achieving a precision of
478 20 nm.
479 Post-RIE Membrane Thickness Control. The post-
480 thinning step is based on the empirical model described
481 earlier in eq 1, which predicts the membrane thickness
482 evolution as a function of etching time to achieve a targeted
483 final thickness. This model was established from experimental
484 data collected across multiple membranes, each with different
485 initial thickness eLN d0

and etched for varying durations.
486 For each sample, a small window was opened in the
487 membrane using a Focused Ion Beam (FIB), and the local
488 thickness was measured using Scanning Electron Microscopy

f6 489 (SEM) (see Figure 6(a)). We show a progressive thinning of a
490 membrane initially 8.60 μm thick, reduced to 2.60 μm after
491 several RIE cycles. The resulting data points are plotted in blue
492 in Figure 6(b). Additional measurements were conducted on
493 other membranes with starting thicknesses of 7.30 μm, 6.80
494 μm, and 4.00 μm, which were thinned down to 2.10 μm, 1.57
495 μm, and 1.72 μm, respectively. These results are represented
496 by the green, red, and orange curves in the same figure. All
497 thickness evolutions were fitted using the relation 1.
498 Figure 6(c) further confirms the validity of this empirical
499 model. It shows the etching depth as a function of etching time
500 for membranes with initial thicknesses ranging from 2 to 10
501 μm. The etching rate, or the slope of the curve, varies with the
502 membrane’s initial thickness: thicker membranes exhibit higher
503 etching rates. For instance, in the yellow region of the graph,
504 corresponding to initial thicknesses between 8 and 10 μm, the
505 etching rate remains high at approximately 17 nm/min. As the
506 membrane becomes thinner, the etching rate gradually
507 decreases, eventually leveling off to a horizontal asymptote.
508 This phenomenon occurs earlier for membranes with smaller
509 initial thicknesses, as seen in the blue section of Figure 6(c).
510 The variation in etching rates can primarily be attributed to
511 the chemical reaction occurring during the etching process,
512 which is related to the interaction of fluorine radicals with the
513 LiNbO3 surface. The foreseen etching reaction can be
514 presented in the following form30

+ + + +FLiNbO LiF NbF O OFx3 2 2515 (6)

516 This reaction produces several byproducts at the etched
517 surface. The adsorption of these products is highly dependent
518 on the surface temperature, leading to a temperature-
519 dependent etching rate regime. The temperature gradient
520 between the surface in contact with the plasma and the surface
521 in contact with the thermalized shuttle plays a crucial role. For
522 thicker membranes, the surface temperature is higher than the
523 one at the bottom, which is fixed at 20 °C, influencing the
524 etching process. This temperature difference leads to two
525 distinct regimes: one with a high etching rate (around 17 nm/
526 min), driven by the high surface temperature, which enables
527 the evacuation of volatile byproducts, such as niobium
528 pentafluoride (NbF5), which desorbs at high temperatures
529 (boiling point of NbF5: 235 °C31). In contrast, lower etching
530 rates occur when thermal equilibrium is reached between the
531 etched surface and the shuttle, resulting in the accumulation of
532 byproducts, such as NbF5 or lithium fluoride (LiF),30,32 on the
533 surface. This accumulation, due to the temperature decrease,
534 leads to a masking of the etched area, thereby reducing the
535 effectiveness of mechanical etching by Ar ions. This behavior
536 has been observed in other studies with thicker samples (e.g.,
537 500 μm thick) operating in a high-temperature range of 80 to

538300 °C.30,33 This residual layer on the etched surface can lead
539to an increase of the optical propagation losses. To mitigate
540this issue and preserve low-loss optical performance, a post-
541etching cleaning step using a 2:1 solution of ammonia
542(NH4OH) and hydrogen peroxide (H2O2) is applied. This
543treatment effectively eliminates surface byproducts and
544preserves the membrane’s optical quality.
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