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Controlling both amplitude and phase of light in the subwavelength scale is a challenge for traditional optical
devices. Here, we propose and numerically investigate a novel plasmonic meta-hologram, demonstrating broad-
band manipulation of both phase and amplitude in the subwavelength scale. In the meta-hologram, phase modu-
lation is achieved by the detour phase distribution of unit cells, and amplitude is continuously modulated by a
T-shaped nano-cavity with tunable plasmonic resonance. Compared to phase-only holograms, such a meta-
hologram could reconstruct three-dimensional (3D) images with higher signal-to-noise ratio and better image
quality, thus offering great potential in applications such as 3D displays, optical communications, and beam
shaping.
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Holography is a very powerful technology for recording and
reconstructing three-dimensional (3D) optical information
of the target object in free space and is widely used in
various optical fields, including 3D imaging, optical storage,
optical communication, and others[1–3]. Traditional holo-
graphic imaging technology is generally achieved by
common optical devices, such as a spatial light modulator
or digital micromirror device. These devices have pixel sizes
much larger than the working wavelength and, thus, suffer
from drawbacks, such as low spatial resolution, narrow
viewing angle, large device size, and unnecessary twin
image[3]. Besides, these devices could only modulate a single
parameter of light (amplitude, phase, or polarization),
while the simultaneous control of multiple parameters of
light for holography is still a challenge.
Recently, thanks to the rapid development of nano-

fabrication techniques, a variety of subwavelength optical
devices have been proposed and studied, showing advan-
tages of ultra-compact size and novel functions for optical
modulation, which offer great potential in breaking
through the limitation of traditional devices for 3D holo-
graphic imaging[4–6]. As a new type of subwavelength de-
vices, the metasurface has attracted enormous interest
for the fantastic capability of tailoring the wavefront of
light at the nanoscale by engineering the optical resonance
or geometric orientation[7–9] of optical scatterers (or optical
antennas)[10], such as metallic nanorods[11] and V-shaped
nano-antennas[12]. Numerous metasurfaces have been
proposed to realize the arbitrary phase profile of light
from the visible to terahertz wave bands[13] and, conse-
quently, contribute to diverse applications, including
ultrathin meta-lens[14,15], orbital angular momentum
modulation[16–18], photonic spin Hall effect detection[19],

active-controlled devices[20], and chiral-dependent multi-
functional devices[21,22]. Metasurface-based hologram
devices (called meta-holograms) have also been investi-
gated in recent years[5,11,21–23]. However, many previous
meta-holograms were designed for pure phase modulation
rather than complex amplitude modulation and, thus,
had to work with a phase retrieval algorithm[5,23] that is
time-consuming and could degrade the performance of
3D holographic imaging[24]. Attempts have been made to
manipulate both the amplitude and phase of light in recent
years, but some previous works are limited by the only two-
or four-level amplitude modulation capability[25,26].

In our previous works, we proposed a phase-only meta-
hologram based on a plasmonic nano-slits array[27] and then
achieved complex amplitude modulation by insertingmulti-
ple nano-slits in each unit cell of the meta-hologram[28].
However, such an amplitude modulation method suffers
from the limited number of nano-slits and the discrete ad-
justment of amplitude. Besides, the coupling effect between
adjacent nano-slits could influence the accuracy in ampli-
tude and phase manipulation.

In this Letter, we propose and numerically study a new
plasmonic meta-hologram based on a T-shaped nano-
cavity and detour phase, showing advantages of continu-
ous amplitude and phase modulation for 3D holographic
imaging. In the T-shaped nano-cavity, the amplitude of
transmitted light is strongly dependent on the resonance
of surface plasmon polaritons (SPPs) inside the cavity;
hence, we can modify the cavity structure to control the
resonance as well as the transmittance amplitude. Our re-
sults show that the amplitude can either be enhanced or
suppressed by adjusting the cavity structure parameters
for continuous amplitude modulation. To realize a phase
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modulation of 0–2π, the position of the T-shaped nano-
cavity in each unit cell is determined by the detour phase
principle. With combination of the T-shaped nano-cavity
and detour phase, we finally achieve the complete ampli-
tude and phase control of light. To demonstrate the ability
of the meta-hologram, we use it to reconstruct the 3D op-
tical field in the broadband wavelength range by finite dif-
ference time domain (FDTD) simulations, showing good
agreement with theoretical prediction. We also compare
it with the phase-only meta-hologram and prove that such
a device could reconstruct 3D images with higher signal-
to-noise ratio (SNR) and better image quality.
Figure 1 shows the schematic of the proposed meta-

hologram. The mechanism of detour phase used in the
meta-hologram for phase modulation is shown in Fig. 1(a).
Here, the meta-hologram is designed with a gold film
etched with T-shaped nano-slits. The incident light is con-
sidered as a p-polarized plane wave with normal incidence
from the bottom, which could excite SPPs passing through
the T-shaped nano-slits and scattering to the far field.
As indicated in Fig. 1(a), the scattered light beams from
the two adjacent slits in the metal film act as two parallel
line sources with equal phase and generate an optical path
difference ΔL ¼ D sin θ at the output angle θ. The corre-
sponding phase difference is Δφ ¼ 2πΔL∕λ ¼ 2πD sin θ∕λ,

depending on the distance D between adjacent slits, and
thus, the phase difference Δφ can be modulated from 0
to 2π by selecting the proper value of D. Then, we extend
the two slits to a two-dimensional slit array with a period
length P ¼ λ∕ sin θ for each unit cell. The output light from
the slits with the same position in the unit cell should be in-
phase (Δφ ¼ 2πP sin θ∕λ ¼ 2π), while the light from the
slits with different positions in the cell results in the phase
difference Δφ in the range of 0–2π, just as the conception of
the detour phase[29,30]. That is, we can form a desired
two-dimensional phase distribution φði;jÞ through the slit
array by selecting all of the slit positions in each unit cell.
In our design, we define the central position of the unit cell
as φði;jÞ ¼ 0, and then we could get φði;jÞ changing from
−π to π when the slit location changes from the left to
the right border of cell, just as is shown in the top
of Fig. 1(a).

It is noted that, once the period length P is chosen, the
output angle of light would be fixed as θ ¼ arcsinðλ∕PÞ,
and the operation wavelength of the meta-hologram could
be in the range from 0 to P when θ varies from 0° to 90°.
Here, we choose the period length P ¼ 1 μm in all calcu-
lations, and therefore, in theory, the meta-hologram
could work with a broad band of wavelength from 0 to
1000 nm.

The amplitude modulation in the meta-hologram is
achieved by adjusting the structure parameters of the
T-shaped nano-slit. The detailed structure of the
T-shaped nano-slit is shown in Fig. 1(b). Here, we choose
the fixed gold film thickness H ¼ 200 nm and the upper
groove width w1 ¼ 50 nm according to the experimental
parameters in our previous work[27], while the width w2
and the height h2 of the lower cavity are changed for
the amplitude modulation. When a p-polarized light
illuminates onto the T-shaped slit from the bottom, SPPs
are firstly excited in the lower cavity, and then form a
Fabry–Perot-like resonance inside the cavity. Since the
SPP’s resonant state is sensitive to the cavity structure,
we can modulate such SPP resonance by adjusting the
cavity width w2 and height h2 and subsequently control
the amplitude of light passing through the slit. It is noted
that, although directly increasing the slit width (w1 and
w2) can also enhance the transmittance for amplitude
modulation, however, it would greatly reduce the polari-
zation extinction ratio (between p and s polarizations) in
such plasmonic devices and influence the accuracy of the
phase profile; hence, it is not a good choice. Here, the
upper groove width is fixed at w1 ¼ 50 nm to keep a high
polarization extinction ratio, and thereby such a device
could still maintain the polarization multiplexing function
as in our previous work[27].

Figure 1(c) shows the schematic of 3D object
reconstruction through the meta-hologram. When the
meta-hologram is illuminated with a p-polarized light,
two Chinese oracle characters (“sheep” and “rabbit”)
are designed to be reconstructed at two different planes
along the z axis. To achieve such reconstruction, we need
to obtain the whole information of amplitude and phase of

Fig. 1. Schematic of the structural design of the meta-hologram.
a, Phase control of two adjacent unit cells with distance D. The
cell is composed of a T-shaped nano-cavity in a gold film on a
glass substrate. P denotes the period length of a single cell.
The two cells induce an optical path difference ΔL at the output
angle θ ¼ arcsinðλ∕PÞ. Each nano-cavity at different locations in
period length P produces different phases (between−π and π). b,
Profile of the T-shaped nano-cavity. Gold film thickness is
H ¼ 200 nm, and the upper groove width is w1 ¼ 50 nm. The
width w2 and the height h2 of the lower cavity are changed to
control the transmittance amplitude. c, Typical 3D object recon-
structed from the meta-hologram. When the meta-hologram is
illuminated by a p-polarized light, the output beam generates
the desired 3D object in free space.
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the 3D object at different planes by using a layered stereo-
gram inverse Fresnel diffraction algorithm[3]. Compared
with the 3D holographic fast Fourier transform algorithm
that is rough in processing, the inverse Fresnel diffraction
algorithm includes the accurate z-axis distance informa-
tion of the different planes and, thus, can be employed
to get the precise information of the 3D object through
the diffraction between planes with distance. Based on
this method, we define the complex amplitude of the
3D object as U(x, y, z), and the complex amplitude distri-
bution in the xy plane at the z position can be expressed by
the Fresnel diffraction theory as

Uðx; yÞ ¼ expðjkzÞ
jλz

exp
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2z
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where k is the wave vector, ξ and η are the spatial frequen-
cies, and Ffg represents the Fourier transform. Then, the
corresponding inverse Fresnel diffraction process would
give the complex amplitude distribution in the xy plane
of the hologram as
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Next, we superpose all of the complex amplitude infor-
mation at different planes and obtain the 3D complex
amplitude distribution for the reconstruction. The ampli-
tude and phase information of the complex amplitude
distribution would be encoded into structure parameters
and the position of the T-shaped nano-cavity in each unit
cell, respectively, to form the meta-hologram structure.
At last, under illumination of a linearly polarized light
perpendicular to the slits, the desired 3D object can be re-
constructed in free space.
To encode the amplitude information into the meta-

hologram, we need to choose the appropriate structure
parameters of the T-shaped nano-cavity. In Fig. 2, we
study the influence of such structure parameters on the
SPP’s resonance, as well as the amplitude of transmitted
light, based on the FDTD simulations. Figure 2(a) shows
the amplitude transmittance through the T-shaped nano-
cavity at 633 nm wavelength as a function of width w2 and
height h2 of the lower cavity. The maximum transmit-
tance is obtained at (w2 ¼ 200 nm, h2 ¼ 50 nm), which
is about 4.2 times larger than the case of no lower cavity
(w2 ¼ w1 ¼ 50 nm). In Figs. 2(b) and 2(d), we show the
near-field electric-field distribution in the cavity for the
two cases of suppressed and enhanced transmittance
due to structure parameters, respectively. In Fig. 2(b),
we can observe that the reflected field below the gold film
is strong, and the transmitted light through the T-shaped
nano-cavity is weak. In contrast, in Fig. 2(d), the reflected

field is weak, and the electric field inside the slit is strong
as well as the transmitted field on the top surface of gold
film. We find that, in the T-shaped nano-cavity, SPPs are
excited in the lower cavity due to light scattering, and the
two side walls of the cavity could act as two reflecting mir-
rors to form SPP resonance inside the cavity. When the
SPPs are controlled to be in a proper resonant state, more
incident light energy can be coupled into the upper groove
and greatly enhance the transmittance. The comparison
between Figs. 2(b) and 2(d) proves that the transmittance
can either be enhanced or suppressed by adjusting the cav-
ity structure for amplitude modulation. Although the
amplitude can be modulated continuously, as shown in
Fig. 2(a), and provides better performance than the dis-
crete modulation with limited steps, however, for the sake
of reducing FDTD simulation time, we actually perform
the amplitude modulation with 10 steps for the simulation
of 3D object reconstruction. Figure 2(c) shows the 10-step
amplitude transmittance based on 10 groups of cavity
structure parameters (h2, w2) and the corresponding
polarization extinction ratio. The amplitude transmit-
tance is nearly linear with the 10 groups of (h2, w2); hence,
they can be used for encoding the amplitude distribution
to the meta-hologram. The polarization extinction ratio is
defined as 10 logðTp∕TsÞ, where Tp and Ts are the trans-
mittances for p- and s-polarized light. The values of the
polarization extinction ratio for the 10 steps are all around
60 dB; hence, the meta-hologram would be excellent in
polarization multiplexing. Note that in the 10 groups of

Fig. 2. a, Amplitude transmittance through the T-shaped nano-
cavity at 633 nmwavelength as a function of the groove width w2

and the groove height h2. The other parameters are P ¼ 1 μm,
H ¼ 200 nm, and w1 ¼ 50 nm. The two points at (w2 ¼ 200 nm,
h2 ¼ 180 nm) and (w2 ¼ 200 nm, h2 ¼ 50 nm) indicate the two
cases of suppressed and enhanced transmittance, whose near-
field electric-field distributions are shown in b and d, respec-
tively. c, Normalized transmittance (left) and polarization
extinction ratio (right) as functions of 10 groups of cavity struc-
ture parameters (h2 ¼ 50 nm for all groups, w2 ¼ 0, 35, 50, 63,
72, 90, 105, 125, 150, 200 nm, respectively).
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cavity structures, we choose constant h2 and variable w2,
not only for the amplitude modulation, but also to main-
tain a large h1 of the upper gold film for blocking directly
transmitted light and keeping a high polarization extinc-
tion ratio.
In Fig. 3, we study the performance of the 3D object

reconstruction with both amplitude and phase modula-
tions. As an example shown in Fig. 3(a), two Chinese
oracle characters (“sheep” and “rabbit”) are designed to
appear at two planes, z1 ¼ 100 μm and z2 ¼ 120 μm, re-
spectively. To reconstruct such a pattern, we choose the
meta-hologram with total size of 80 μm× 80 μm and each
unit cell size of 1 μm× 1 μm, so the meta-hologram con-
tains totally 80 × 80 unit cells. The amplitude and phase
values of the 80 × 80 unit cells are presented in Figs. 3(b)
and 3(c), respectively. Figures 3(d)–3(f) show the FDTD
simulation results of the two oracle characters at the plane
z2 ¼ 120 μm with three wavelengths of 633, 532, and
473 nm, respectively. It is observed that, for all wave-
lengths, the oracle “rabbit” is always clear, just as our de-
sign, while the oracle “sheep” is always blurry due to the
defocus status. In contrast, the opposite results are pre-
sented at the plane of z1 ¼ 100 μm in Figs. 3(g)–3(i),
where the “sheep” is clear and the “rabbit” is fuzzy,
well agreeing with the design in Fig. 3(a). For the three
different wavelengths, the reconstruction results are al-
most the same, demonstrating the broadband response
property of the meta-hologram. According to the formula

θ ¼ arcsinðλ∕PÞ, the holographic pattern appears at three
different output angles of 39.27°, 32.14°, and 28.23° for
the wavelengths of 633, 532, and 473 nm, respectively,
which indicates that the structure could be employed to
realize 3D color holography[26,31–34]. The efficiency (energy
of the desired pattern over the total transmitted energy)
of the meta-hologram is about 29.7%, and the total
light transmittance through the meta-hologram is about
11% at 633 nm due to the high reflection and absorption
of gold film.

To further demonstrate the superiority of the proposed
meta-hologram with both amplitude and phase control,
we compare it to the case of the phase-only meta-hologram
with uniform amplitude (w2 ¼ w1 ¼ 50 nm), as shown
in Fig. 4. In Fig. 4(a), we design a 3D object including
three letters (“N”, “R”, “C”) located at three planes
z3 ¼ 100 μm, z2 ¼ 80 μm, and z1 ¼ 60 μm, respectively.
Here, we still choose 80 × 80 unit cells to build the
meta-hologram, and all parameters are the same as in
Fig. 3. Figures 4(b)–4(d) show the FDTD simulation
results of the three letters at the three planes with both
amplitude and phase modulation. It can be seen that
the letters “N”, “R”, “C” become clear at the three planes,
respectively, demonstrating good reconstruction for the
original design in Fig. 4(a). In contrast, Figures 4(e)–4(g)
show the reconstruction of the three letters based on the
phase-only meta-hologram. We find that, although the
three letters “N”, “R”, “C” appear at the desired planes,
respectively, the generated letters are not as clear as the
compared one, and the speckle noise is stronger, similar
to the previous report[24]. The SNR, defined as the ratio
of the maximum intensity in the holographic image to
the standard deviation of the background noise[24], is used
to quantitatively evaluate the image quality. For the recon-
structed image in Fig. 4(b), the SNR is 57.6 with the back-
ground area of 25 μm× 25 μm, while in Fig. 4(e) the SNR is
39.7 with worse image quality.We also tried the parameters
(w2 ¼ 200 nm, h2 ¼ 50 nm) with maximum transmit-
tance for the phase-only case and found that the SNR

Fig. 3. a, Original 3D object comprises two Chinese oracle char-
acters (“sheep” and “rabbit”) located at two planes, z1 ¼ 100 μm
and z2 ¼ 120 μm, respectively. b, The 10-step quantized ampli-
tude distribution in the hologram recording plane. c, The corre-
sponding continuous phase distribution. d–f, Reconstructed
images at 633, 532, and 473 nm wavelength in the plane
z2 ¼ 120 μm, respectively. g–i, Reconstructed images at 633,
532, and 473 nm wavelength in the plane z1 ¼ 100 μm,
respectively.

Fig. 4. a, Original 3D object comprises three letters (“N”, “R”,
“C”) located at three planes z3 ¼ 100 μm, z2 ¼ 80 μm,
z1 ¼ 60 μm, respectively. b–d, Reconstructed images at
633 nm wavelength in the three planes (z3, z2, z1), respectively,
based on the meta-hologram with complex amplitude modula-
tion. e–g, Reconstructed images at 633 nm wavelength in the
three planes (z3, z2, z1), respectively, based on the phase-only
meta-hologram.
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is almost the same. For the two-/four-level amplitude
modulation cases, the SNR is calculated as 40.3 and 45.4,
respectively, which is also worse than the 10-level case
[Fig. 4(b)]. Such comparisons prove that the meta-
hologram with complex amplitude modulation can effec-
tively suppress speckle noise, unlike the phase-only
case, and provide better image quality in 3D object
reconstruction.
In conclusion, we propose and study a new plasmonic

meta-hologram based on a T-shaped nano-cavity and de-
tour phase and achieve simultaneous amplitude and phase
control for 3D holographic imaging. Due to the SPP’s res-
onance in the T-shaped nano-cavity, the transmission am-
plitude can either be enhanced or suppressed by adjusting
the cavity structure parameters, thus contributing to con-
tinuous amplitude modulation. While the phase modula-
tion of 0–2π can be realized by changing the position of the
T-shaped nano-cavity in each unit cell according to the
detour phase principle, we numerically demonstrate that
the meta-hologram can be employed to reconstruct 3D ob-
jects in a broadband wavelength range including 633, 532,
and 473 nm. We also prove that such a device with com-
plex amplitude modulation could suppress speckle noise
and get better image quality compared to the phase-only
meta-hologram.
Finally, although here we study the meta-hologram

numerically, such a T-shaped nano-cavity can be fabri-
cated according to previous experimental study[35], where
the focused ion beam technique was used to fabricate the
SPP cavities of variable widths and then the nano-slit
through the gold film in the middle of each cavity. Be-
cause the detour phase used here is only dependent on
the position of nano-scatterer in each unit cell, such a
device could be merged with other phase modulation
methods, depending on orientation or structure of
the nano-scatterer (e.g., propagation phase or geometric
phase) to promise a more flexible hologram[36,37]. Due to
the limited 80 × 80 unit cells, here, the demonstrated
hologram quality is worse than previous reports[5,24,28];
hence, the number of unit cells can be increased to en-
hance the performance with more accurate complex am-
plitude values. The proposed meta-hologram device
could offer great potential in various applications, such
as 3D displays, complex laser-beam shaping, optical com-
munications, and others.
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