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S1	Lifetime of the flexible template
[image: ]
Fig. S1 Lifetime of the flexible template. a Photograph of the flexible template, b samples fabricated via batch nanoimprinting using a flexible template.
[bookmark: _Hlk200725848]S2	Supplementary experimental section
S2.1 Preparatory processing of the substrate
[bookmark: _Hlk200722076]Before the experiments, the substrates were placed on a 200 ℃ hot plate and baked for 30 min to remove surface moisture and impurities, and they were then cooled to room temperature. Subsequently, an 8-nm-thick mr-APS1 resist was spin-coated onto the substrates at 5000 rpm for 60 s to serve as an adhesion promoter, and it was subsequently baked at 150 °C for 60 s to remove the solvent.
S2.2 Thickness control of resist for different structures
For the vertical structures with a linewidth of 500 nm, a period of 1 m, and an aspect ratio of 1, we used a 500-nm-thick mr-UVcur21 resist that was spin-coated at 1000 rpm for 60 s and was then baked on an 80 °C hot plate for 60 s.
For the vertical structures with a line width of 150 nm, a period of 300 nm, and an aspect ratio of 1.5, a 120-nm-thick resist was spin-coated at 6000 rpm for 60 s. 
For the vertical structures with a line width of 150 nm, a period of 300 nm, and an aspect ratio of 2, a 150-nm-thick resist was spin-coated at 5000 rpm for 60 s. 
Finally, for the vertical structures with a line width of 700 nm, a period of 2 m, and an aspect ratio of 2.5, a 1000-nm-thick resist was spin-coated at 500 rpm for 60 s. The mr-APS1 and mr-UVcur21 resists were purchased from Micro Resist Technology, GmbH. 
S2.3 Experimental parameters for fabricating tilted structures with different aspect ratios
We employed vertical structures with a line width of 500 nm, a period of 1 m, and an aspect ratio of 1 to create tilted structures with a tilt angle of 20°, under the conditions of [image: ] and [image: ], with a bending angle of 3.3° (accounting for 16.35% of the tilt angle). 
We employed vertical structures with a line width of 150 nm, a period of 300 nm, and an aspect ratio of 1.5 to create tilted structures with a tilt angle of 20°, under the conditions of [image: ] and [image: ], with a bending angle of 2.7° (accounting for 13.5% of the tilt angle). 
In addition, we utilized vertical structures with a line width of 150 nm, a period of 300 nm, and an aspect ratio of 2 to fabricate tilted structures with a tilt angle of 20° under the conditions of [image: ] and [image: ], with a bending angle of 2° (accounting for 10% of the tilt angle). 
[bookmark: _Hlk200725910]We employed vertical structures with a line width of 700 nm, a period of 2 m, and an aspect ratio of 2.5 to create tilted structures with a tilt angle of 20°, under the conditions of [image: ] and [image: ], with a bending angle of 1.6° (accounting for 8% of the tilt angle). The images reveal that the tilted nanostructures exhibit excellent integrity, and uniformity, confirming the suitability of this technique for use with different templates.
S2.4 Experimental parameters for fabricating high-angle tilted structures through the multistep nanoimprinting process
The original working template A is composed of the vertical structure shown in Fig. 3g. Firstly, the tilted structures with a tilt angle of 10° were fabricated under an electric field intensity of [image: ] and [image: ]. Subsequently, working template B was replicated and utilized to fabricate tilted structures with a tilt angle of 20° under the conditions of [image: ] and [image: ]. Since template B is tilted, it increases the component of the force that is perpendicular to the grating structure. Compared with template A, a smaller electric field can be applied to achieve the same tilt angle. Following the same steps, tilted nanograting structures with tilt angles of 30° and 40° were successively obtained. The bending angle can be effectively controlled to be ~5%. 
[bookmark: _Hlk166521089]S3	Self-developed electric-field-driven generative-nanoimprint equipment
[image: ]
Fig. S2 The electric-field-driven generative-nanoimprint equipment: a Photograph of the equipment's appearance, b photographs depicting the interior of the equipment as well as its key components
The E-G-N process is completed on the independently developed equipment. The general photograph of the equipment is depicted in Fig. S2a. This equipment consists of mechano-electronic system and control system, primarily targeting full-wafer nanoimprint on 4-inch wafers, with scalability to 6-inch and 8-inch wafer sizes. Among these, the flexible-roller is a crucial component in the nanoimprinting process, composed of a roller, a working template, and the chuck, as illustrated in Fig. S2b. The electric field is applied to the flexible template and the chuck that holds the substrate. One end of the flexible template is fixed on the substrate plane, while the other end is attached to a roller positioned at a certain height above the substrate. The remaining part of the template is smoothly wound around the roller, forming a flexible-roller. Through the rotation and movement of the roller, the template is gradually released and, driven by the electric field, progressively contacts the substrate to complete the nanoimprinting process. Significantly, the roller has the capability to move both horizontally and vertically. By doing so, it can alter its relative position with respect to the substrate, thereby adjusting the included angle between the template and the substrate. This enables precise control over the contact state between the template and the substrate.
[bookmark: _Hlk193730258]S4	Filling of the nanostructures
[bookmark: OLE_LINK11][bookmark: OLE_LINK10][bookmark: OLE_LINK2]It is important to note that in this approach, the spreading direction of the template is perpendicular to the direction of the nanograting. Compared with methods where the two directions are parallel, this approach presents several difficulties in expelling the trapped gas during structure filling. Based on previous research, when the template is oriented perpendicular to the direction of the nanograting, it has been found that the integrity of the structure depends on the viscosity of the liquid, the contact angle between the liquid and the template, and the spreading speed of the template1, 2. In our method, the viscosity of the resist is 2.2±0.2 mPas, the contact angle between the resist and the template is 17°, and the template is released at a speed of 1 mm/s; these values are comfortably within the optimal range of parameter values for achieving the complete structure formation. Moreover, larger included angles promote the release of gas, thereby preventing bubble entrapment and ensuring a high level of structural integrity.
S5	Analysis of stress-induced deformation in nanostructures




We take one period of the nanograting structure as the analysis object. Due to the included angle , the vertically downward driving force  received by the template at the contact line can be decomposed into perpendicular and parallel components, denoted as  and  respectively:

		(S1)

		(S2)
As shown in Fig. 2d, the torsional deformation of the nanostructure is primarily characterized by three components: bending deformation, shear deformation, and tilting of the substrate. Subsequently, we will conduct a detailed analysis of each deformation.
S5.1 Bending deformation
When a force perpendicular to the direction of the nanostructure acts on the end of the structure, it induces bending deformation. We simplify the template as a cantilever beam. Under the sole influence of shear force, the displacement at the end of the grating can be expressed as follows:

		(S3)



Where  represents the force acting perpendicular to the direction of the structure,  denotes the height of the grating structure, N is the Young's modulus of the template material, and  is the second moment inertia.
In this scheme, the nanostructure experiences the combined effect of forces acting perpendicular to and parallel to the structure, with the parallel forces exacerbating this deformation. Thus, the total displacement of the grating end can be estimated as follows:

		(S4)



Where  represents the included angle,  is the width of the structure,  represents the critical buckling force when it is subjected only to normal force. 
S5.2 Shear deformation
When the template experiences shear force, it undergoes shear deformation, which can be expressed as follows:

		(S5)




Where  is the Timoshenko’s shear coefficient,  is the Poisson ratio,  is the shear modulus, and  represents the cross-sectional area of the grating.
Therefore, the displacement of the shear deformation at the end of the grating is:

		(S6)
S5.3 Tilting of the substrate

When a force acts on the top of the nanostructure, it generates a moment  at the bottom, resulting in an asymmetric stress distribution and subsequent tilted deformation.

		(S7)
The maximum stress at the deformation site is:

		(S8)
The rotation angle corresponding to the maximum stress is:

		(S9)

Where  represents the tilting coefficient.
Therefore, the displacement at the end of the grating is:

		(S10)

Combining the aforementioned analysis, the total displacement of the grating's end () can be represented as:


(S11)
The tilt angle of the grating, that is the rotation angle occurring at the bottom of the grating, can be represented as:

		(S12)
In the bending deformation section, the grating lines undergo a certain bending degree. We simplify the template as a cantilever beam, and when it experiences only shear force, the rotation angle at the end of the grating lines is:

		(S13)
In this section, the rotation angle at the bottom of the grating corresponding to the displacement at the end of the grating can be approximately expressed as:

		(S14)

We use the difference between the two  to represent the bending degree of the grating:


(S15)

When , it signifies purely inclined deformation without any bending degree. The larger the difference, the greater the bending degree of the grating.
S6	Analysis of influencing factors on tilted angles of tilted nanostructures
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]In this work, we selected a template with a thickness of 30 m. The details and parameters of the nanoimprinting process are provided in the Materials and methods Section. As shown in Fig. 2f, for a vertical nanostructure (linewidth of 500 nm and aspect ratio of 1), when [image: ], the deformation of the structure is not significant at a smaller included angle. However, at a higher included angle, upon increasing the included angle, the tilt and bending degrees of the structure also gradually increase. The data points in the figure correspond to the data derived from the nanoimprinting experiment, and the insets show photos of the templates with included angles of 20° and 25°. Fig. 2g demonstrates the influence of the electric field intensity on the tilt and bending degrees of the nanostructures (with an included angle of 25°, linewidth of 500 nm and aspect ratio of 1). As the electric field intensity increases, both the tilt and bending degrees increase. The insets depict the SEM images of tilted structures prepared at [image: ], [image: ], and [image: ] with tilt angles of 0°, 10°, and 15°, respectively. Fig. 2h depicts the changes in the tilt and bending degrees of the structures with aspect ratios of 1.5, 2, and 2.5 at an included angle of 25° upon varying the electric field intensity. Larger aspect ratios lead to an increased tilt and bending deformation at a given electric field intensity and included angle.
S7	Customized generation of the tilted structures using different electric field intensities
[image: ]
Fig. S3 SEM images of tilted structures with different tilt angles under different electric field intensities
When the included angle is fixed, the tilted structures can be custom-generated by varying the electric field intensity. As shown in the figure above, for a working template with a vertical structure (with a line width of 500 nm, and an aspect ratio of 1) at the included angle of 25°, the tilted structures are presented under different electric field intensities. The greater the electric field intensity, the larger the tilt angle of the generated tilted structure, and correspondingly, the bending deformation also increases.
S8	Excessive bending deformation of the structure
[image: ]
Fig. S4 Simulation model of excessive bending deformation of the structure and SEM cross-sectional image


When the electric field intensity and the included angle are too large, although the tilt angle of the grating increases, the bending deformation of the structure also significantly increases, thereby affecting the fidelity of the structure. As shown in the Fig. S4, the simulation model of the structural deformation when ,  is depicted on the left, with the SEM cross-sectional view of the structure shown on the right. It can be observed from the figure that not only does the bending deformation of the structure increase, but also deformations occur at the top and bottom of the structure, which is clearly not the desired outcome. Thus, it is important to regulate grating deformation during the fabrication of tilted structures.
S9	Uniformity of the sample tilted structures
[image: ]
Fig. S5 SEM cross-sectional images and dimensions of the tilted gratings at different positions
Fig. S5 presents SEM images of the structures at five different positions within the sample area. Annotations denote the tilt angle and height of the tilted nanograting structures. The figure illustrates minimal variation in structure dimensions across different positions.
S10	Inter-sample uniformity of structure dimensions
[image: ]
[bookmark: _Hlk200567865]Fig. S6 Inter-sample uniformity of structure dimensions. The results indicate excellent consistency in tilt angles across different samples, with an average value of 20.5° and a standard deviation of 0.6. Inter-sample consistency remains within 1.5%, validating the stability of the fabrication process
S11	Generation process of the gradient-tilted structures
[image: ]
Fig. S7 Schematic of the gradient-tilted nanostructures
During the generation process of gradient-tilted nanostructures, the tilt angle of the generated structures can be adjusted by varying the included angle between the template and the substrate. At the contact line, due to the differences in the included angles, the generated tilted structures exhibit different tilt angles. In practice, the electric field between the template and the substrate is established by applying a voltage across them. Behind the contact line, the different tilt angles lead to subtle differences in the vertical height of the structures, which in turn leads to variations in the electric field intensities. As a result, [image: ] differs in regions with different tilt angles. Specifically, the larger the tilt angle, the greater [image: ]. This gradient-distributed force and the fluid resistance jointly provides mechanical support for the nanostructures in regions with different tilt angles, ensuring the relative stability of the tilted structures in each region until the nanoimprinting process is completed
S12	Light modulation effects of different tilted metasurface nanostructures
[image: ]
Fig. S8 Light modulation effects of different tilted nanostructures. a Reflectance characteristics of uniform-tilted and gradient-tilted metasurface nanostructures, b numerical simulation of transmission properties
S13	Multistep nanoimprinting processes for generating high-angle-tilted nanohole arrays
[image: ]
Fig. S9 The vertical structure of the template and the evolution process of the tilted structures during multistep nanoimprinting for generating the high-angle nanohole arrays




[bookmark: _Hlk187930851]The original working template A, which consists of the vertical nanopillar array structure (diameter of 300 nm, period of 600 nm, and height of 500 nm), is shown in Fig. S9a. Figure S9b illustrates the high-angle-tilted nanohole structures fabricated through multi-step nanoimprinting process. Firstly, the tilted structures with an angle of 10° were fabricated under the electric field intensity of , with . Subsequently, the working template B was replicated by taking the tilted structure obtained in the first nanoimprinting step as the master mold. The working template B was then utilized to fabricate tilted structures with an angle of 20° under the conditions of  and . Following the same steps, tilted nanohole structures with tilt angles of 30° and 40° were obtained successively.
S14	Comparison of different techniques for tilted nanostructures fabrication
A quantitative comparison of key fabrication capabilities (including tilted angle, resolution, processing area, processing time, cost, and uniformity) is presented between the proposed E-G-N technology and existing techniques for tilted nanostructure fabrication (e.g., oblique etching, laser machining, ion beam cutting), as shown in Fig. S10. The corresponding data, derived from Table S1, have been normalized to clearly demonstrate the relative magnitudes of the parameters. The E-G-N technique employs a multi-step nanoimprinting process capable of fabricating nanostructures with high-tilted angles. Structures with tilt angles up to 50° were demonstrated in this work. By utilizing templates with higher aspect ratios or increasing the number of nanoimprinting steps, tilt angles could be extended to 60–70°. Additionally, the vertically structure templates (fabricated via electron-beam lithography) enable a resolution of <50 nm. While the demonstrated sample area in this study is 45 mm*45 mm, the processing platform (Fig. S1) supports scalable expansion for larger-area fabrication.
[image: ]
Fig. S10 Comparison of different techniques for tilted nanostructures fabrication
In summary, the E-G-N technology demonstrates significant advantages in tilted-angle range, tilt diversity, cost, efficiency, and throughput while maintaining high resolution and structure uniformity, making it particularly suitable for industrial-scale deployment. 
Table S1 Fabrication capabilities: proposed E-G-N versus other tilted-nanostructures fabrication techniques.
	[bookmark: _GoBack]Techniques 
	Tilted angle
	Resolution
	Area
	References

	E-G-N
	50°
(60°-70°)
	150 nm
(<50 nm)
	45 mm*45 mm
(>50 mm)
	~

	Oblique etching
	55°
	380 nm
	10 mm*10 mm
	[S3]

	
	45°
	100 nm
	~
	[S4]

	
	45°
	30 nm
	4.7-8
	[S5]

	
	12°
	40 nm
	15 mm*15 mm
	[S6]

	
	20°
	345 nm
	15 mm*15 mm
	[S7]

	
	45°
	300 nm
	1 mm*1 mm
	[S8]

	
	45°
	260 nm
	3 mm*3 mm
	[S9]

	
	35°
	200 nm
	4 mm*4 mm
	[S10]

	Laser machining
	30°
	1 m
	~
	[S11]

	
	30°
	24 m
	~
	[S12]

	
	3°
	10 m
	~
	[S13]

	
	45°
	4.6 m
	~
	[S14]

	Ion beam cutting
	60°
	108 nm
	~
	[S15]

	
	45°
	80 nm
	50 m*50 m
	[S16]

	
	46°
	70 nm
	15 m*15 m
	[S17]

	
	40°
	85 nm
	7 m*7 m
	[S18]


S15	Influence of bending deformation on the diffraction efficiency of the tilted nanograting structures
[image: ]
Fig. S11 Simulation models of tilted nanograting structures and the influence of bending deformation on diffraction efficiency.
Figure S11a shows the model for the customized design of high-efficiency tilted gratings in Rsoft software, as well as the tilted gratings model with introduced bending deformation. The structures of these models have been divided into multiple layers to improve the simulation accuracy. Figure S11b shows the influence of bending deformation on the diffraction efficiency of the custom-designed high-efficiency tilted grating structures. It is evident that the greater the bending deformation, the lower the relative diffraction efficiency. Therefore, when fabricating high-angle-tilted structures, it is crucial to control the bending deformation within a reasonable range.
S16	Geometric parameters and optical layout of the fabricated AR display
[image: ]
Fig. S12 Top view and dimensions of the AR displays. The in-coupling region is a circular area with a diameter of 6 mm, integrating with the designed and fabricated tilted nanostructures that serve to couple optical signals from the engine into the waveguide. The in-coupling region is a rectangular output area measuring 23 mm × 16 mm, primarily enabling directional out-coupling of optical signals for display imaging.
S17	Comparison of different AR display schemes
We present a quantitative comparative analysis between the AR display developed in this work and other advanced grating structures previously reported for similar AR applications. This comparison encompasses key parameters including structural configuration, diffraction efficiency, material systems, and fabrication processes, as detailed in the Table S2.
Table S2 comparison of different AR display schemes
	References
	Structure parameters
	Diffraction
efficiency
	Materials
	Fabrication methods

	
	Structure morphology
	Angle
	
	
	

	[bookmark: _Hlk199517338]This paper
	
	40°
	85.6%
	Polymer-TiO2
	E-G-N

	[S19]
	
	35°
	80%
	Polymer
	Traditional nanoimprint

	[S20]
	
	18°
	85%
	MgF2+
SiO2
	EBL+etching

	[S21]
	
	28.2°
	80.42%
	SiO2
	EBL+etching

	[S22]
	
	25°
	~
	Polymer
	Traditional nanoimprint

	[S23]
	
	20°
	85%
	SiO2
	Simulation

	[S24]
	
	25°
	43%
	Polymer
	Traditional
Nanoimprint

	[S25]
	
	6.9°
	78.6%
	SiO2
	EBL+etching

	[S26]
	
	0°
	5%
	Si3N4
	EBL+etching

	[S27]
	
	0°
	25%
	Si3N4
	EBL+etching

	[S28]
	
	0°
	25%
	SiC
	EBL+etching

	[S29]
	
	0°
	9%
	Poly-Si
	Transfer printing+etching

	[S30]
	
	0°
	47.5
	SiO2
	EBL+etching


Comprehensive comparative analysis reveals that tilted nanostructures exhibit significant advantages in diffraction efficiency, with the developed tilted gratings in this work demonstrating superior performance relative to peer studies. While other complex functional structures possess advantages for specialized optical applications such as achromatic applications, they rely on electron-beam lithography (EBL) and etching process. Limited by manufacturing costs and processing efficiency, these techniques can only achieve small-area sample preparation. Conversely, the proposed technique achieves a synergistic breakthrough across efficiency, cost, tilted-angle range, and processing area. Its wafer-scale fabrication capability provides a solution that balances large-area processing capacity and cost-effectiveness for the industrial-scale manufacturing of AR displays.
S18	Reliability analysis of batch fabrication
[image: ]
Fig. S13 Reliability analysis of batch fabrication. a Batch-fabricated AR displays, b 10 samples were selected for optical performance characterization, and the results show a standard deviation of 16.2 for optical efficiency parameters, indicating minimal batch-to-batch variation and meeting the consistency requirements for scaled manufacturing.
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