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[bookmark: _Toc173870465]S1. Fabrication of the metasurfaces
[bookmark: OLE_LINK7]    The designed metasurfaces are fabricated through a standard top-down process, as sketched in Fig. S1. The sapphire substrate is first deposited with a 300 nm-thick silicon by using atomic layer deposition (ALD), which determines the height of c-Si nanobricks. After a positive electron beam resist (AR-P 6200) coated onto the substrate, the device is patterned by using electron beam lithography (JEOL, JBX 6300FS) with an accelerating voltage of 100 kV. Then, the device is developed and deposited a 10 nm-thick chromium by using electron beam evaporation (Kurt J. Lesker, PVD75 Proline). After lift-off, all the patterns are transferred into chromium hard mask. Next, the exposed silicon film is etched sufficiently by an inductively coupled plasma (ICP) etching system (Oxford, Plasma Pro System100 ICP380). Finally, the residual chromium is removed by chromium etchant, yielding the designed metasurfaces. The fabricated samples are shown in Figs. 1(d), 1(e), and 2(e). 
[image: ]
Fig. S1. Fabrication flow chart of the metasurface.
[bookmark: _Toc173870466][bookmark: OLE_LINK12]S2. Simulated holographic images in the virtual layer
[bookmark: OLE_LINK5] 	To give a comparison with the measured holographic images in the virtual layers, we simulate the holographic images under the same circumstance by using Rayleigh-Sommerfeld diffraction. Fig. S2 shows the simulated holographic images, where all the images are clearly distinguishable in despite of the existence of holographic speckles. Note that, in our simulations, only the holographic phase is used as the incidence and the tilting phase is not considered because it will not influence the holographic reconstruction. Compared with the experimental images, both of them are highly consistent with each other. It also confirms the feasibility of our proposed hybrid-layer ODS. 
[image: ]
Fig. S2. Simulated holographic images with different polar angle θ and azimuthal angle φ at the distance of z =1.5 mm. The calculated RMSEs between the simulated and ideal images are shown at the upper-right corner of each image.
[bookmark: _Toc173870467]S3. Orthogonality of channels in our proposed hybrid-layer storage
    To investigate the orthogonality of the proposed storage, we implement the simulation of diffraction fields from each channel when all the other channels are blocked. Since all the apertures of each channels have random spatial distribution, it is difficult to implement the measurement of orthogonality in experiment, so that only the simulated orthogonality is provided here. In our simulations, we use the Rayleigh-Sommerfeld theory to calculate the diffraction fields of each channel. When a light beam is incident on one channel (labelled by Cn), we can obtain the diffracted intensity profiles along the directions where the other channels are located. The diffracted intensities along these directions can be used to evaluate the orthogonality of this channel Cn at the other channels. In this work, the total power of diffracted field encircled in a square of 275 μm× 275 μm (larger than the range of each stored image) at the propagation distance of z = 1.5 mm away from the sample is employed as the data of evaluating orthogonality, which has been normalized to the maximum and shown in Fig. S3(b) by addressing the channel parameters in Fig. S3(a). One can find that each channel has the largest power at its designed direction (i.e., diagonal elements in Fig. S3(b)). In contrast, smaller power at the other directions (i.e., non-diagonal elements in Fig. S3(b)) where other channels are located refers to the crosstalk among the channels. When the angular interval is Δθ = 8.6°, the crosstalk can be observed due to the high-order diffraction caused by the pixel pitch of 2 μm (Fig. 1(e)) for each channel. It might be the reason why the experimental RMSEs are worse than the simulated ones, as shown in Fig. 4. 
    To decrease the crosstalk and enhance the orthogonality, we suggest one method by using different angular interval Δθ. For example, when Δθ = 12°, the calculated orthogonal matrix in Fig. S3(d) shows that the non-diagonal elements have the maximum value of 0.144, which is much smaller than 0.375 for the case of Δθ = 8.6°. It verifies the feasibility of reducing the crosstalk by choosing the suitable the angular interval Δθ. In addition, optimized arrangement of the azimuthal parameter φ and careful choice of the pixel pitch are also the possible methods to decrease the crosstalk. 
     Note that, in our simulations about the orthogonality of channels, we use the oblique illumination (with the incident angles opposite to the designed angles of the other channels) on each channel so that the diffracted fields can be obtained at a normal z-cut plane z = 1.5 mm, which facilities our simulations significantly. 
[image: ]
Fig. S3. Simulated orthogonality of channels in this work. (a) Channel parameters including the angular (θ) and azimuthal (φ) positions when the angular interval is Δθ=8.6°. (b) Simulated orthogonality of 32 channels for Δθ = 8.6°. (c) Channel parameters including the angular (θ) and azimuthal (φ) positions when the angular interval is Δθ = 12°. (d) Simulated orthogonality of 32 channels for Δθ = 12°. 
[bookmark: _Toc173870468][bookmark: _Hlk163469324]S4. Optical data storage by using volume reduction and multiplexing technique 
	With different working principles, optical data storage can be divided into two approaches: reducing the volume of the recording spots and multiplexing technology. We list the reported capacities in Fig. S4. Our hybrid-layer ODS has the capacity of 2.5Tbit/cm3, which remains competitive among the multiplexing technologies. In addition, we have summarized details of volume-reduction and multiplexed channels optical data storage in Table S1 for better comparison. 
[image: ]
Fig. S4. Capacity of the reported optical data storage. TPA: two-photon absorption; SFVT: Superresolution-focal-volume technology; SPIN: super-resolution photoinduction-inhibition nanolithography; FDOR: five-dimensional optical recording; AMH: Angle-multiplexed holography; HORCH: high-orthogonality random-channel holography.

The volume of the recording spot in Refs. S1–S7 can be expressed as , so the data capacity is ). By following the method of calculating the capacity for holographic data storage[S8,S9], the raw capacity in this work is calculated as ), where  is the number of bits in a single holographic image,  is the number of stored images.
[bookmark: _Hlk172316651]Table S1 
Detailed comparison between volume-reduction and multiplexed channels optical data storage.
[image: ]
CCP: charge control protocols; AIE-DDPR: dye-doped photoresist with aggregation-induced emission; SNR: (Signal-to-noise ratio) =, where  and  are the means, and  and  are the standard deviations of the detected ones and zeros, respectively.
[bookmark: _Toc173870469][bookmark: _Hlk172301313]S5. Simulated holographic images in the double virtual layers
     To verify the feasibility of more virtual layers by using monolayer metasurfaces, we utilize Adam gradient descent algorithm to balance the holographic performance of virtual layer 1 at z1=1.5 mm and virtual layer 2 at z2=2.5 mm. The detailed optimization processes are provided in our previous work [S10]. At the distance of z1=1.5 mm, we can obtain the same uppercase letters and punctuation (Fig. S5(a)). After another propagation over a distance of 1 mm, we have the different lowercase letters and Greek letters (Fig. S5(b)), which gives additional information for data storage. Note that the speckles and noises in the holographic images for double virtual layers are more obvious than those for the single virtual layer. Therefore, further deep investigation into suppressing the speckles and crosstalk is an urgent requirement for this technology.  
[image: ]
Fig. S5. Simulated holographic images with different polar angle θ and azimuthal angle φ in the distance of z1 = 1.5 mm (a) and z2 = 2.5 mm (b) for the proposed ODS with two virtual layers.
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