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Abstract: 

The integration of lithium niobate (LiNbO3, or LN) and silicon (Si) has emerged as a promising 

heterogeneous platform for micro-electromechanical systems (MEMS) and photonic integrated 

circuits (PICs). Particularly, the lithium niobate on silicon (LNOS) architecture leverages the 

superior piezo-optomechanical properties of LN, making it compatible with superconducting 

circuits and quantum systems. This opens an avenue for the development of advanced quantum 

sensors and processors. However, existing LN and Si bonding methods suffer from inherent 

limitations, such as low interfacial strength and the formation of thick, amorphous interlayers. 

In this work, we present an asymmetric surface activation strategy to address these challenges. 

By employing proton-exchange-enhanced chemical activation on the LN surface and oxygen 

plasma treatment on the Si side, we have achieved remarkable bonding strengths up to 10 MPa 

at a moderate annealing temperature of 150°C. Notably, the bonding mechanism in our 

approach differs from conventional diffusion-based processes. Here, the dehydration 

condensation of surface functional groups results in an exceptionally thin interfacial layer, less 

than 2 nm thick, without the presence of amorphous LN. This innovative fabrication method 

for LNOS demonstrates superior reliability, piezoelectric performance, thermal management 

capabilities, and optical transmission qualities, paving the way for cutting-edge photonic and 

quantum applications. 

Keywords: lithium niobate; silicon; wafer bonding; waveguide; photonic integrated circuits 
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1. Introduction 

Lithium niobate (LiNbO3, or LN), which has been described as the “silicon of photonics”, 

stands out as one of the most promising materials due to its unique combination of advantageous 

properties: (ⅰ) large electro-optic, piezoelectric, and nonlinear-optic material coefficient; (ⅱ) 

broad transparency (400 nm to 5 m); (ⅲ) long-term stability; and (ⅳ) widespread commercial 

availability of large, low-cost, optical-quality wafers1. What’s more, the heterogeneous 

structure of lithium niobate and silicon (Si) offers more versatility and functionality, which has 

been utilized as microfluidic chips2, photonic integrated circuits (PICs) 3–5, radio frequency (RF) 

devices6,7, and quantum processors8,9. 

Wafer bonding is a premium heterogeneous integration method without considering lattice 

constants, especially for semiconductors or functional materials. Intermediate layers, such as 

Au10,11 and Ag12 for thermal compression bonding or benzocyclobutene (BCB)13,14, ultraviolet 

(UV) glue15, and polyimide (PI)16 for adhesive bonding, are widely used to bond LN and Si. 

While this method is convenient, it introduces a new interface with distinct mechanical, optical, 

and electrical properties engendering a more intricate system17. Moreover, the organic 

adhesives are prone to aging and degradation18. Direct wafer bonding (chemical activated 

bonding, or DWB), a more promising method, employs strong oxidizing chemicals to activate 

the material and high temperature annealing to create a robust bond through a chemical reaction 

between functional groups on the surface. Chemical activation is facile and does not introduce 

harsh damage to the material. Ammonia peroxide mixture (APM)19 has been used to bond LN 

and Si with only a 2 nm amorphous layer at the interface. Typically, high-temperature annealing 

is necessary to initiate the bonding reaction for sufficient strength and repair the damage to the 

interface. Unfortunately, due to the large mismatch in the coefficient of thermal expansion (CTE) 

between LN (7.5~14.4 × 10-6 m·K-1, depending on cutting orientation) and Si (2.6 × 10-6 m·K-

1), thermal mismatch-induced stress at the interface during heating and cooling will result in 
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bonding failure20. Therefore, the LN and Si direct bonding was trapped in a dilemma. 

The wafer bonding process is an exothermic reaction, the Gibbs free energy of the initial 

separated state GLN + GSi is higher compared with the final bonded state GLN/Si. The wafer 

bonding reaction can only be triggered by adding energy to the initial system to ensure that (GLN 

+ GSi) + EA is exceeded, where EA is the activation energy. A schematic view is given in Figure 

1a. Based on this theory, significant efforts have been devoted to realizing low-temperature LN 

and Si direct bonding. One straightforward approach is to increase the bonding temperature. 

Laser irradiation was used to locally heat to improve the bonding strength, avoiding the 

limitation of annealing temperature. A bond strength of over 2 MPa was obtained, but the 50 

nm bonding interface might be detrimental to device performance21,22. Another way is to reduce 

the activation energy (EA) required for the bonding reaction. Surface-activated bonding (SAB) 

employs the argon atom beam or ion beam to bombard the material surface transforming the 

single crystals into amorphous structures and bonding two unstable wafers together in an 

ultrahigh vacuum. By this method, LN and Si realized the average bonding strength of 9.8 

MPa23. However, SAB has several drawbacks: (ⅰ) ultrahigh vacuum environment and a notably 

uncommon vacuum chamber configuration make this route both impractical and prohibitively 

expensive24; (ⅱ) the 6 nm amorphous bonding interface can degrade the material structure and 

characteristics25, especially the piezoelectric and nonlinear optical properties of LN26–28; (ⅲ) 

argon irradiation can introduce homogeneous polarization in LN29, affecting the function and 

reliability of the device. To address these challenges, plasma-activated bonding (PAB) has been 

proposed. This technique uses more moderate plasma, which not only physically activates the 

surface (reduce the activation energy (EA)) to speed up diffusion bonding but also chemically 

introduces functional groups (generate a temporary state with increased Gibbs free energy 

(GLN
*+GSi

*)) for bonding reaction. Various plasma, oxygen (O2), nitrogen (N2), and Argon (Ar) 

plasma, have been explored for LN and Si direct bonding30–32. Oxygen plasma can prevent the 
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out-diffusion of oxygen atoms from the LN substrate33 and realize higher bonding strength of 

2.5 MPa34. To further improve the bonding strength, Xu35 proposed a sequential plasma strategy 

including oxygen plasma with water vapor and nitrogen plasma to establish high-density and 

multiple functional groups for adequate bonding reaction, resulting in 3.2 MPa bonding strength 

and a 6.4 nm bonding interface. Despite these advancements, achieving high-quality LN and Si 

bonding remains an ongoing challenge. 

In this paper, we propose a novel asymmetric surface activation strategy to realize low-

temperature and high-quality direct bonding of LN and Si. The poor bond performance of the 

LN/Si bonding pair is attributed to the chemical stability of LN. Consequently, a two-step 

chemical activation was conducted on the LN side. First, proton exchange was used to eliminate 

the inertness of LN, followed by APM activation, which activated the LN without damaging its 

crystal structure. On the Si side, standard and efficient oxygen plasma activation was utilized. 

As a result, the highest bond strength of 10 MPa was achieved at 150℃ annealing. Bonding 

interface characterization revealed that the bonding mechanism involves the dehydration 

condensation of hydroxyl groups (-OH) on the surface, rather than traditional diffusion bonding. 

Therefore, this asymmetric approach resulted in an ultrathin bonding interface of less than 2 

nm and preserved the pristine properties of LN with no crystal damage. A comparison about 

LN and Si direct bonding between this work and the previously reported methods is summarized 

in Table 1. This bonding strategy overcomes the bad bondability of LN and paves the way for 

LN micro-electromechanical systems (MEMS) and ultra-low loss quantum photonic lithium 

niobate on silicon (LNOS) platforms. 

2. Material and methods 

2.1 Bonding specimens 

Experiments were performed on 500-m-thick, 10×10 mm, X-cut lithium niobate and 500-

um-thick, 10×10 mm, (100)-oriented n-type silicon, both polished on two sides. Wafer bonding 



4 

 

is not only related to material properties but also influenced by structural mechanics. While the 

influence of substrate thickness on bonding has been studied36, this work primarily focused on 

optimizing surface activation methods. Therefore, the experiments were carried out using 

substrates of similar sizes as previous work35, which is convenient for comparison, and the 

developed bonding method is compatible with various reported Si-LN configurations37–39. 

Proton exchange was carried out using 98% sulfuric acid. 28%~30% ammonium hydroxide 

solution, 35% hydrogen peroxide solution, and deionized water (DI water) were used for 

chemical activation. The inductively coupled plasma reactive ion etcher (ICP-RIE, Trion 

Phantom III) was utilized to provide oxygen (O2) plasma for plasma activation. Before the 

experiments, LN chips were ultrasonically cleaned sequentially with acetone, isopropyl alcohol 

(IPA), and DI water. Si chips were given a bath in RCA1 solution (NH4OH: H2O2: H2O = 1:1:5) 

at 80°C for 10 minutes to remove organic impurities and particles. 

2.2 Bonding procedures 

In this experiment, an asymmetric surface activation method was employed to bond LN 

and Si, as depicted in Figure 1b. 

Towards the LN side, a two-step chemical activation process was conducted based on 

previous work40. First, proton exchange (PE) in sulfuric acid was performed at 120℃ for 

varying durations to explore the influence of low-temperature sulfuric acid PE on LN. After PE, 

APM (NH4OH: H2O2: H2O = 1:2:7) was utilized to chemically activate LN at 80℃. Then, 

nitrogen flow was employed to dry the chips. 

On the Si side, oxygen plasma activation was used, which has been verified effective for 

Si wafer bonding41. Cleaned Si chips were placed in the ICP-RIE chamber and exposed to 

oxygen plasma for 1 minute. In this experiment, strong etching will introduce a rough surface 

and be harmful to bonding quality. In this case, the plasma parameters were optimized according 

to the influence of the surface roughness, which is shown in Figure S1. As a result, the plasma 
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power was 600 W, the bias power was 100 W, the gas flow rate and pressure of the chamber 

were 100 sccm and 50 mTorr, respectively.  

After the chemical activation of LN and plasma activation of Si, two chips were bonded 

together and annealed at 150℃ for 24 hours in an atmosphere environment, the annealing curve 

is depicted in Figure 1c. Comparison tests were conducted at identical temperatures to 

demonstrate the effectiveness of the PE-enhanced activation bonding method. 

2.3 Characterization methods 

The hydrogen element and depth of PE were measured by time-of-light secondary ion 

mass spectroscopy (TOF-SIMS, ION-TOF GmbH). The crystal composition of LN treated by 

PE for different periods was characterized utilizing Raman spectroscopy (Metatest ScanPro 

Advance). The element contents and surface chemical states were analyzed using X-ray 

photoelectron spectroscopy (XPS, Thermo Fisher Nexsa). The surface crystal structure was 

characterized by Grazing incidence X-ray diffraction (GIXRD, Panalytical Empyrean) with an 

incident angle of 1°. The influence of different treatments on the surface roughness, morphology, 

and piezoelectricity of the samples was investigated using atomic force microscopy (AFM, 

Bruker Dimension Fastscan) and piezoresponse force microscopy (PFM). In addition, 

transmission electron microscopy (TEM, Talos F200X G2) was used to characterize the 

bonding interface, and energy dispersive X-ray spectroscopy (EDX) mapping was used to 

characterize the elemental distributions.  

To assess the bonding strength, a tensile test was conducted42. Firstly, the bonding pairs 

were glued to the steel blocks using an epoxy adhesive. Then, the bonded sample was assembled 

onto a tensile tester (Shimadzu AG-20kNX) and subjected to pulling apart at a rate of 0.2 

mm/min. The actual tensile force measured at the point of sample separation divided by the 

bonding area was taken as the bonding strength.  

2.4 Simulation methods 
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To verify the effect of proton exchange, theoretical calculations based on the first-

principles calculations density functional theory (DFT) and ab initio molecular dynamics (MD) 

were used to study the adsorption of water molecules on pristine and proton-exchanged LN43. 

All the calculations were carried out using the Vienna ab initio simulation package44,45 with a 

cutoff energy of 500 eV and a generalized gradient approximation with the 

Perdew−Burke−Ernzerh of parametrization46. Software VESTA47 was used for all atomistic 

visualizations. 

The performance of LNOS was simulated to demonstrate the superiority of the ultrathin 

bonding interface. To simulate the thermal management in electro-optic modulators, the 

waveguide temperature was calculated under different power of the electrodes by COMSOL 

6.0. The optical transmission loss of different LN optical platforms was simulated with a finite-

difference frequency-domain (FDTD) mode solver program by Lumerical MODE solutions 

software. 

3. Results and discussion 

3.1 Characterization and optimization of low-temperature proton exchange 

Previously, PE for LN was employed to fabricate optical waveguides confining light to the 

micrometer range, so a high temperature above 200℃ was necessary to improve the efficiency 

of PE for a significant depth48,49. However, in this experiment, PE was considered as a surface 

treatment method, in which the depth is not meaningful. The key to this treatment is to ensure 

the effect of surface preparation and avoid damage to LN. Therefore, PE used sulfuric acid at a 

low temperature of 120℃ referencing to the temperature of sulfuric peroxide mixture (SPM), 

a conventional standard clean method. This low-temperature PE was firstly performed on LN, 

so the effect of PE was verified by SIMS, which has proven to be a useful technique for 

performing depth profiling studies. Elemental composition information of the LN sample after 

2-hour PE was derived through SIMS and the spectrum is presented in Figure 2a. The relatively 
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constant O profiles are consistent with the fact that the exchange is primarily between Li and 

H. In region Ⅰ close to the sample surface, the H concentration is slightly low due to the storage 

from PE to characterization. Subsequently, the H concentration stabilizes into a steplike region 

Ⅱ extending from ~50 nm to 170 nm deep. Finally, the profile makes the transition gradually 

into the substrate in the region Ⅲ, where the H concentration drops to 50% of its concentration 

value about 184 nm. According to this, the diffusion coefficient of the protons Da(T) is 

calculated to be 4.2×10-3 m2h-1, where T = 120℃. The diffusion curve about diffusion depth 

da and time t is inserted in Figure 2a, as described in equation (1)50. Hence, the diffusion depth 

can be controlled according to PE time. Additionally, proton exchanged lithium niobate (PELN) 

showed a higher etching rate of 4 nm/min compared to pristine LN, which had an etching rate 

of 1.27 nm/min by argon plasma. 

𝑑𝑎(𝑇, 𝑡) = 2[𝐷𝑎(𝑇)𝑡]
1/2                           (1) 

To complete compositional characterization, surface XPS measurements were performed 

at the surface region of pristine and PELN. The XPS spectra of the core-level Li1s and Nb4s 

are shown in Figure 2b. The content of Li decreased from the original 12.4% to 2.1% after a 5-

minute PE, in contrast, the Nb element showed no difference. What’s more, no changes in 

chemical shift were observed, indicating that Li retains Li2O (55 eV)31,51 structure during the 

PE process. Raman scattering has been reported to characterize the stoichiometry of LN52. In 

this experiment, all Raman scattering tests were conducted at room temperature for pristine LN 

and PELN. The shape of the E-phonon at 153 cm-1, measurable in the configurations Z(YZ)X, 

is inserted in Figure 2c, which showed an almost symmetrical broadening and decreasing 

intensity with a prolonged PE time. What’s more, the content of Li can be calculated according 

to equation (2)52,53, in which 𝑐𝐿𝑖 is the Li content of the crystal and 𝛤 is the halfwidth of the 

Raman lines at 153 cm-1. The curve is depicted in Figure 2c, further verifying that the Li is 

replaced by H during the PE process.  
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𝑐𝐿𝑖[𝑚𝑜𝑙%] = 53.03 − 0.4739𝛤[𝑐𝑚
−1]                           (2) 

FTIR identifies chemical bonds in a molecule by producing an infrared absorption 

spectrum, especially sensitive to hydrogen bonds. The O-H stretching region of pristine LN and 

different time PELN are characterized by FTIR in attenuated total reflection (ATR) mode, as 

shown in Figure 2d. The unexchanged LN showed two closely spaced bands, a strong band at 

3485 cm-1 and a shoulder indicating the presence of a weaker band at approximately 3470 cm-

1. As the proton dose increased, a new band at 3450 cm-1 became stronger, in agreement with 

previous reports54,55.  

The impact of PE on surface topography was investigated using AFM. The Ra value and 

the 3D morphology are shown in Figure 2e and 2f, respectively. The mean Ra value of the 

pristine LN is 0.31 nm. Extended PE resulted in increased roughness, with the roughness 

exceeding 0.4 nm after a 25-minute PE. Surface topography plays a prominent role in improving 

bonding area and increasing bonding energy. Therefore, shorter PE time is a good choice. 

Additionally, the GIXRD was employed to detect the influence of PE on the surface crystal 

quality. The full spectra are shown in Figure S2 and enlarged characteristic peak spectra are 

shown in Figure 2g. The single crystal will show no diffraction peaks, as shown in the pristine 

LN. After PE treatment, a new diffraction peak appeared at about 2𝜃 = 49°, indicating surface 

crystal damage and a trend toward amorphization. What’s more, the intensity of the diffraction 

peak increased with prolonged PE time. The crystal damage is detrimental to the piezoelectrical 

and electro-optical properties of LN. However, annealing can help repair the crystal structure28. 

For LN samples subjected to 3-minute and 5-minute PE, the diffraction peak disappeared after 

annealing, in accordance with the curve in Figure 1c. Notably, the effect of repairment is limited 

and cannot fully recover the crystal structure for the LN sample experiencing a 10-minute PE. 

Based on the above characterization, the surface of LN can be effectively proton exchanged 
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within a 10-minute treatment, and the physical damage to LN requires a shorter PE treatment. 

Consequently, a 5-minute PE was used for the subsequent chemical activation of LN. 

3.2 Effect and mechanism of proton exchange-enhanced surface activation  

To demonstrate the effect of PE pretreatment on bonding performance, a comparative test 

was conducted. LN, with and without PE, were activated by a short 5-minute APM and then 

bonded to oxygen plasma-activated Si. As shown in Figure 3a, the two-step treatment involving 

PE pretreatment significantly enhanced the bonding strength to 7.95 MPa, compared to 1.39 

MPa for LN activated only by APM, indicating the substantial effect of PE pretreatment. Further 

experiments explored the impact of varying APM activation times. According to our previous 

work40, APM has a stronger etching effect on PELN compared to pristine LN and prolonged 

APM activation can easily etch away the thin PE surface. Consequently, in this experiment, 

when APM activation reached 10 minutes, LN with PE pretreatment showed almost the same 

bonding strength as LN without PE pretreatment due to the removal of the thin PELN layer.  

The surface topography was characterized by AFM for APM-activated LN samples with 

and without PE. The Ra value is shown in Figure 3b, and 3D morphology is shown in Figure 

S3. Due to the etching effect, LN without PE showed an increase of roughness but remained 

within 0.37nm to 0.38nm during the prolonged APM process, indicating the chemical stability 

of LN. In contrast, the surface roughness of PELN exhibited a significant increase from 0.34 

nm to 0.42 nm after 5-minute APM, which means the PE removes the chemical stability of LN 

and introduces a stronger etching effect. When the APM duration was longer than 5 minutes, 

the roughness slightly increased but was not very sensitive to the APM time, further 

demonstrating the disappearance of PELN layer. 

The surface chemical state was characterized by XPS to explore the mechanism of PE-

enhanced surface activation. Hydroxy groups (-OH) are crucial for hydrophilic bonding 

reactions. The contents of hydroxy groups on the LN surface and the core-level O1s with 
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different treatments are shown in Figure 3c and 3d. APM or PE increased the oxygen content 

above 40% because of the strong chemical oxidation. However, the content of hydroxy groups 

showed no improvement after APM due to the chemical stability of LN, which explains the 

weak bonding strength. PE pretreatment introduced 23.5% hydroxy groups from the original 

16.9% and following APM further improved the content to 25.6%. According to the analysis of 

bonding strength and surface morphology, two-step treatment introduced a rougher surface but 

resulted in higher strength, attributed to more hydroxy groups on the surface for bonding 

reactions. What’s more, Figure S4 presents the XPS spectra of the core-level Nb3d and C1s. 

Proton exchange showed no influence on the Nb element. The content of carbon decreased after 

APM, which can remove the organic contamination from the surface through chemical reaction 

and etching.  

Theoretical calculations based on the DFT-MD were used to study the adsorption of water 

molecules on the surface of pristine and proton exchanged LN, as shown in Figure 3e. The 

elementary structures of LN slabs with and without proton exchange in the simulation are 

shown in Figure S5. LN showed different chemical reactivities after PE. Water molecules are 

more easily adsorbed on the surface and create bonds with LN compared to pristine LN. What’s 

more, the mean adsorption energy of water molecules increased to -0.95 eV after PE from the 

original -0.75eV. Consequently, more water molecules can be adsorbed on the surface, resulting 

in more hydroxy groups for bonding reaction, consistent with the above XPS results.  

3.3 Characterization and properties of ultrathin bonding interface 

To observe the LN and Si bonding interface of this asymmetric activated bonding method, 

the cross-section (LN: 5-minute PE followed 5-minute APM; Si: O2 plasma) at a bonding 

temperature of 150℃ was fabricated by the focus ion beam (FIB) and analyzed by TEM. The 

TEM sample and bright field (BF) image of the bonding interface are shown in Figure 4a and 

4b, separately. The bonding interface was smooth and void-free, indicating that the bonding 
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pair can withstand the ion bombardment and the stress produced by the harsh mechanical and 

polishing process. Figure 4c shows a high-resolution transmission electron microscopy 

(HRTEM) image of the bonding pair, where the bonding interface was tight. Additionally, the 

lattice of the monocrystalline LN (11̅0 ) and Si (011̅ ) crystal orientation was evident, as 

exhibited in the inserted selected area electron diffraction (SAED) images of Figure 4c.  

Figure 4d provides the scanning transmission electron microscopy (STEM) image and 

elemental distribution maps (red: Nb; green: O; blue: Si) in high-angle annular dark field 

(HAADF) mode. The boundary of the LN and Si interface was distinct. There was no diffusion 

of the Nb element because the chemical activation is a moderate treatment for the surface and 

does not introduce structural damage to promote diffusion for high bonding strength56. 

Therefore, the bonding mechanism of this method is only the dehydration condensation reaction, 

as shown in reaction (3), rather than the diffusion bonding in conventional PAB or SAB25,51. 

Notably, a transition layer composed of Si and O appeared on the right of the bonding interface, 

which was caused by the O2 plasma activation and the reaction of Si and H2O from reaction (3), 

as depicted in reaction (4)41,57,58. Finally, the surplus by-products, like water and hydrogen, can 

be exhausted through porous amorphous silicon dioxide (a-SiO2)
57. 

𝑁𝑏 − 𝑂𝐻 + 𝑆𝑖 − 𝑂𝐻 → 𝑁𝑏 − 𝑂 − 𝑆𝑖 + 𝐻2𝑂                (3) 

2𝐻2𝑂 + 𝑆𝑖 → 𝑆𝑖𝑂2 + 2𝐻2               (4) 

According to Figure 4c, the heterogeneous bonding interface can be divided into two 

sections, monocrystalline PELN and amorphous SiO2. The SAED image of the bonding 

interface is shown in Figure 4e, which is composed of the diffraction spots of LN and Si crystal. 

This indicates that proton exchange did not change the crystal structure of LN. The HRTEM 

image of the LN side including PELN is exhibited in Figure 4f. The PELN area shows the same 

atomic arrangement and crystal structure as pristine LN. Geometrical phase analysis (GPA) was 

used to investigate the strain distribution by measuring the displacement of lattice fringes. 
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Figure 4g shows the uniform tensile (positive) strain on the LN and a compressive (negative) 

strain on the PELN because the lithium ion was replaced by the smaller hydrogen ion, resulting 

in crystal structure shrinkage from the original 2.64 Å to 2.6 Å, as the measurement results in 

Figure 4f. This slight structure shrinkage introduces a change of the refractive index, which has 

been widely used for LN optical waveguides and does not cause functional damage49. About 

the Si side, the HRTEM image and GPA analysis are shown in Figure 4h and 4i. There are some 

concentrations of tensile and compressive strain close to the bonding interface, but the strain 

distribution tends to decrease and become uniform when staying away from the interface. 

The superiority of this ultrathin bonding interface was evaluated by a series of comparison 

tests from four aspects, including bonding reliability, piezoelectricity, thermal management, and 

optical waveguide performance. Firstly, the high bonding strength enables the heterogeneous 

structure to withstand harsh micro-nano processing and introduces high reliability to the 

fabricated devices. To demonstrate the superior performance of this asymmetric PE-enhanced 

surface activation bonding method, comparative experiments were conducted. When both LN 

and Si sides underwent the same APM treatment, the highest bonding strength was only 0.85 

MPa, far from meeting the requirements of micro-nano fabrication. The O2 plasma-activated 

bonding method was used to bond LN and Si, which showed a significant effect and reached 

4.73 MPa. The highest tensile curves of both methods are shown in Figure 5a. To avoid the 

damage of plasma to the crystal structure of LN, an asymmetrical bonding method was 

employed, and the results are depicted in Figure 5b. The LN side was activated by APM, which 

does not introduce amorphous LN, and the Si side was activated by O2 plasma for good bonding 

performance. This asymmetrical activated strategy was helpful to improve bonding strength to 

2.75 MPa. Towards this method, LN without amorphous structure cannot realize high strength 

by diffusing with Si and the chemical stability of LN leads to less functional groups for bonding 

reaction. Therefore, the bonding strength is limited. When proton exchange was used to 
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eliminate the chemical inertness of LN, sufficient bonding reaction achieved 10 MPa bonding 

strength, which especially can meet the harsh MEMS fabrication59. 

To confirm the ferroelectric nature of LN after different treatments, local piezoelectrical 

properties were studied using PFM measurements at room temperature with an applied voltage 

of ±8 V on the same capacitors. Compared with plasma activated LN sample in Figure 5c, the 

chemical-activated LN sample generated a well-defined phase loop and piezoelectric amplitude 

butterfly-like loop, as shown in Figure 5d. This indicates that LN subjected to chemical 

activation exhibits better ferroelectricity and polarization switching behavior, which are crucial 

for efficient piezo-optomechanical transduction5,60. 

The heterogeneous structures of LN have been widely used in PICs, like lithium niobate 

on insulator (LNOI) and LNOS integrated optics platforms. LNOI is a three-layer structure 

consisting of LN waveguide, SiO2 insulator, and Si substrate. LNOS is a two-layer structure 

composed of an LN waveguide and Si substrate. Because the refractive index of Si is larger 

than the LN, undercutting is used to limit the light in the LN waveguide. In previous methods, 

PAB or SAB will introduce the amorphous LN between LN and Si. The bonding strategy 

proposed in this work has an ultrathin bonding interface and no damage to LN. The thermal 

performance and optical transmission loss were simulated according to the parameters in Table 

S1 and the structures in Figure S6 and S7. The parameters used When LN was used as an 

electro-optic modulator, the electrodes would heat and change the temperature of the waveguide 

to further influence the modulating effect61. The relationship between waveguide temperature 

and electrode heat power is shown in Figure 5e. Thanks to the low thermal conductivity of SiO2, 

the heat is difficult to transfer to waveguide from electrodes and LNOI structure shows the 

lowest waveguide temperature. LNOS in this work shows better thermal performance compared 

to the conventional method, because of the low thermal conductivity of amorphous LN62. 
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Therefore, this bonding strategy improves the thermal performance and stability of the devices 

based on LNOS.  

Figure 5f provides the relationship between the radius and the optical transmission loss in 

a 90° bend using FDTD. The LNOI needs a radius larger than 20 m, but LNOS can realize the 

lowest loss at a radius of 15 m, indicating the LNOS is a more compact optical platform for 

PICs. The bend losses are dominant in the small radii region and the propagation losses are 

dominant in the large radii region. Therefore, the transmission loss exhibits a trend of first 

reducing and then increasing. Previous LNOS has lower radiation loss compared to LNOS in 

this work because amorphous LN has a lower refractive index63, which can help limit the light. 

However, amorphous LN introduces optical absorption resulting in higher propagation loss, as 

shown in the figure inserted in Figure 5f. Therefore, LNOS produced by this bonding method 

can further reduce the optical transmission loss, which is necessary for superconducting 

quantum applications8,28. 

4. Conclusions 

This paper introduces an asymmetric proton exchange-enhanced surface-activated 

bonding method to achieve LN and Si bonding with high bonding strength and ultrathin 

interface at a low temperature. Through characterization and theoretical simulation, the impact 

of proton exchange on the surface, including surface roughness, surface energy, crystal structure, 

and chemical state, was investigated. Tensile tests were conducted to evaluate the proposed 

asymmetric bonding method. Cross-sectional TEM analysis revealed a perfect bonding 

interface of less than 2 nm at 150℃ annealing. The mechanism of achieving a significant 

improvement by this bonding strategy is proton exchange eliminates the inertness of LN 

facilitating surface activation to yield high-density functional groups, then dehydration 

condensation realizes the high-strength and no-defect bonding. Furthermore, LNOS by this 

method holds superior piezoelectricity, thermal performance, and low optical loss. This study 
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lays a foundation for the development of LN-based MEMS and PICs. 
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Table 1. Benchmark of Lithium niobate and Silicon direct bonding between this work and the 

previously reported methods. 

Scheme Environment Annealing 

temperature (°C) 

Bonding 

strength 

Bonding 

interface 

Damage 

to LN 

Source 

DWB Air 200~500 Low 2 nm None 19 

SAB Ultrahigh 

vacuum 

Room 

temperature 

High 6 nm Yes 23,25 

PAB Air Laser irradiation Low 50 nm Yes 21,22 

 PAB Air Room 

temperature 

Low NA Yes 32,34 

PAB Air 150 Low 6.4 nm Yes 31,35 

LN: DWB; 

Si: PAB 

Air 150 High <2 nm None This work 

 

  



 

 

 

Figure 1. (a) Schematic bonding reaction; (b) Surface activation for (ⅰ) lithium niobate and (ⅱ) 

silicon, (ⅲ) bond and anneal; (c) Annealing curve at 150℃. 

  



 

 

 

Figure 2. (a) SIMS signals on a LN crystal proton-exchanged for 2 hours (inserts in is the 

diffusion curve of sulfuric acid proton exchange at 120℃); (b) XPS spectra of Li1s after proton 

exchange of different time; (c) halfwidths of Raman lines at 153 cm-1 in LN versus Li content 

(inserts in is the Raman signals of LN with different periods PE); (d) FTIR absorbance, (e) 

roughness, (f) 3D morphology, and (g) GIXRD curves for LN after proton exchange of different 

time. 
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Figure 3. (a) Bonding strength and (b) roughness for LN and PELN followed by different 

periods APM; (c)functional groups contents, (d) XPS spectra of O1s and (e) adsorption energy 

of water for LN with and without PE. 

  



 

 

 

Figure 4. Cross-sectional TEM analysis for the bonding pair annealed at 150℃. (a) TEM 

sample by focused ion beam fabrication; (b) Bright-filed image and (c) high-resolution image 

of bonding interface (inserts in are the selected area diffraction spots); (d) HADDF image of 

the bonding interface and element mappings for Nb, O, and Si elements; (e) the selected area 

diffraction spots of the bonding interface; zoom-in view of the (f) LN and (h) Si side; the GPA 

strain profile results of the (g) LN and (i) Si side. 
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Figure 5. The tensile curves from (a) symmetrical and (b) asymmetrical bonding method; 

Representative local PFM amplitude and phase hysteresis loops on LN after (c) plasma 

activation and (d) chemical activation; (e) electrode power versus the waveguide temperature, 

and (f) bend losses versus the bend radius for LNOI, previous LNOS, and LNOS in this work. 
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