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ABSTRACT: Coherence, similar to amplitude, polarization, and
phase, is a fundamental characteristic of the light fields and is
dominated by the statistical optical property. Although spatial
coherence is one of the pivotal optical dimensions, it has not been
significantly manipulated on the photonic platform. Here, we
theoretically and experimentally manipulate the spatial coherence
of light fields by loading different random phase distributions onto
the wavefront with a metasurface. We achieve the generation of
partially coherent light with a predefined degree of coherence and
continuously modulate it from coherent to incoherent by
controlling the phase fluctuation ranges or the beam sizes. This
design strategy can be easily extended to manipulate arbitrary
phase-only special beams with the same degree of coherence. Our
approach provides straightforward rules to manipulate the coherence of light fields in an extra-cavity-based manner and paves the
way for further applications in ghost imaging and information transmission in turbulent media.
KEYWORDS: Coherence, light manipulation, statistical metasurface

Coherence as a second-order statistical effect is one of the
most important concepts in optics and is related to the

ability of light to exhibit interference effects. The coherence of
electromagnetic waves (EMWs) is determined by the statistical
optical property and the phase space occupation of photons,1,2

which has boosted the development of lasers, precision
measurements, and information transmission. By generating
light beams with reduced coherence, i.e., partially coherent
beams, one can realize numerous applications such as plasma-
instability suppression,3 ghost imaging,4 holographic artifact
suppression,5 and optical communication, which can signifi-
cantly reduce the scintillation and beam wandering caused by
turbulent optical media.6 Generally, the coherencemanipulation
is based on incoherent superposition of different optical modes,
such as the Hermite-Gaussian modes and Laguerre-Gaussian
modes, the modes with random fluctuations of amplitude and
phase.7−11 One of the most effective strategies to generate
partially coherent beams is intra-cavity-based. Direct and
efficient manipulation of the spatial coherence in a laser cavity
can be achieved by controlling the number of transverse lasing
modes,12 generating different spatial lasing modes with different
emission profiles13 or disrupting the formation of lasing
modes.14 The aforementioned methods can be applied to
suppress the laser speckles by adopting an intracavity diffuser.15

Recently, Koivurova et al. theoretically proved the realization of
polarized coherence switching16 by incorporating an epsilon-

near-zero metamaterial layer as one of the reflectors in a laser
cavity, which opened up the possibility of realizing coherence-
manipulation-based applications with metamaterials.
An extra-cavity-based strategy to modulate the coherence can

easily satisfy the requirements of different types of incident
beams and emergent light beams, thus resulting in increased
compatibility and enabling a high degree of freedom to
manipulate the optical fields. However, the extra-cavity-based
generation of partially coherent beams traditionally requires a
combination of various optical components such as lenses,
rotating ground glass, and a spatial light modulator with specific
distances between them.17 This process is complex, bulky, and
challenging to execute on a single photonic platform. Besides,
the accurate manipulation of the degree of coherence (DOC) is
limited due to the inevitable statistical roughness of the ground
glass or other disorderedmedia. In the past decade, metasurfaces
have attracted increasing attention due to their great potential in
integrated optical systems and advanced photonics. Metasurfa-
ces exploit the abundant local electromagnetic resonances of
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meta-atoms and can thus provide strong light-matter inter-
actions on the subwavelength scale with high efficiency, such as
electromagnetic multipole generation,18,19 Fano resonances,20

bound states in the continuum,21 and nonlinear generation.22

Such resonances locally introduce abrupt wavefront changes in
an ultrathin plane, leading to significant wavefront23,24 and
polarization25−27 manipulation of EMWs. Although several
optical dimensional manipulations such as amplitude, polar-
ization, and phase of EMWs28−31 have been systematically
investigated, the spatial coherence as another pivotal optical
dimension has not been significantly manipulated on the extra-
cavity-based photonic platform. Li et al. proposed that the spatial
coherence can be manipulated through surface plasmon
polaritons32 that provide a near-field-based strategy for
coherence manipulation on the subwavelength scale. However,
the wide range of statistical optical properties and their
applications, especially their compatibility with different light
beams on the photonic platform, are yet to be revealed.
In this paper, we introduce an extra-cavity-based strategy with

disorder-engineered statistical metasurfaces to accurately
manipulate the spatial coherence of EMWs by projecting
different random phase distributions onto the wavefront or
modulating the beam sizes. The statistical photonic properties
such as information entropy are quantitatively investigated, and
the experimental results are consistent with the theoretical
predictions. The proposed strategy can also be easily extended to
manipulate the spatial coherence of different special beams such
as a partially coherent vortex beam with the same DOC. This
approach paves the way for a new direction in statistical
photonic manipulation and provides a gateway to apply partially
coherent beams in informational photonic systems.
Concept of the disorder-engineered statistical metasurface. To

quantify the statistical properties on the photonic platform, we
begin with defining the harmonic formula of the electric fields of
EMWs

E t A i tr r r( , ) ( )exp ( , )= [ ] (1)

where A(r) and φ(r, t) denote the amplitude and phase of the
electric fields at an arbitrary point r. Generally, the statistical
behavior of φ(r, t) decides the coherence of the EMWs that can
be described by the mutual coherence function (MCF) in the
space-time domain33

E t E tr r r r( , , ) ( , ) ( , )1 2 1 1 2 2= * (2)

where τ = t2 − t1, the asterisk denotes the complex conjugate,
and the angle brackets denote an ensemble average over the
fluctuating fields. By combining eqs 1 and 2, the MCF can be
expressed as

A A i t i tr r r r r r( , , ) ( ) ( ) exp ( , ) ( , )1 2 1 2 1 1 2 2= * [ * ]
(3)

where we assume that A(r) does not change with r for
convenience. For narrowband or quasimonochromatic EMWs,
the longitudinal coherence length of light is much greater than
the maximum path-length difference between r1 and r2. Thus,
the MCF is a slowly varying function in the τ domain and can be
simplified to a mutual intensity function (MIF) Γ(r1, r2) = Γ(r1,
r2, τ = 0). Accordingly, the DOC of a scalar partially coherent
beam can be expressed as

r r
r r

r r r r
( , )

( , , 0)

( , ) ( , )
1 2

1 2

1 1 2 2

= =

(4)

By substituting eq 3 in eq 4, we obtain the correlation at two
arbitrary points

i ir r r r( , ) exp ( ) ( )1 2 1 2= [ * ] (5)

The coherence of a beam is essentially phase-dependent,
which means that the coherence of a beam can be changed by
imposing different local phase fluctuations upon the EMWs. The

Figure 1.Design of the statistical metasurface and its operation principle. (a) Schematic of the statistical metasurface that can generate light beamswith
different degrees of spatial coherence. (b) Diagram of the coherence of a wave generated by any two points on the statistical metasurface. Different
equivalent phase plates form phase arrays with different statistical properties. (c) Theoretical intensity distributions of light speckles (top) generated by
different phase distributions (bottom). The smaller the size <d> of the speckle, the lower the spatial coherence of the transmitted beam.
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phase fluctuation of φ(r) can be arbitrarily designed, and
therefore, a wide range of partially coherent beams with various
types of coherence functions can be realized. The schematic of
the coherence-manipulated design is shown in Figure 1a. Each
unit cell Si of the sample is regarded as a phase plate, and the
coherence properties of the phased array are decided by the
interferences between every two plates (Figure 1b).34 The
statistical fluctuations of the transmitted fields arise due to the
randomly arranged nanostructures of the phased array.
Theoretically, the instantaneous light intensity of the beam
generated by the statistical metasurface is Gaussian-enveloped
with speckles as shown in Figure 1c, and the size of speckle <d>
is related to the coherence length of the transmitted beam. By
performing spatial scanning of the statistical metasurface, the
wavefront of the output EMWs is spatially modulated, which
statistically results in a specific DOC of the beam.
Implementation of the statistical metasurfaces with uniformly

disordered phase f luctuation. The spatial coherence can be
manipulated either by employing different phase fluctuation
ranges (PFRs) or by varying the beam sizes with a constant PFR.
A proof-of-concept design to demonstrate the proposed strategy
is shown in Figure 2. To obtain the statistical properties of the
metasurface, we introduce a disorder-manipulated phase
distribution, with the phase of the statistical metasurface
randomly and uniformly covering the PFR of [π − iπ, π + iπ],
where i ∈ [0, 1] is a parameter for the phase design (Figure 2a).
It should be noted that the phase distribution in the proposed
approach is not unique. This is because the coherence of the
beam is determined by the statistical generation of the optical
fields. The coherence of the beam can be manipulated when the
phase distribution follows the same random function. In
particular, the statistical metasurface serves as a uniform
phase-distributed plate when i = 0, i.e., Δφ = 0, and a perfect

coherent Gaussian beam is transmitted without intensity
speckles. Meanwhile, i = 1 indicates that the statistical
metasurface is completely phase-disordered as Δφ = 2π,
resulting in nearly incoherent transmitted light. The coherence
length is determined by the amounts of phase fluctuations
occurring in the wavefront. Thus, the coherence of the output
light can also be continuously manipulated by controlling the
beam sizes (Figure 2b). The building blocks of the disorder-
engineered statistical metasurface are TiO2 nanofins with a
length of 260 nm, a width of 90 nm, and a height of 550 nm. The
lattice size of the statistical metasurface is 330 nm. The
transmitted phase can be locally manipulated following the P−B
phase formula φ(r) = 2σθ(r), where σ = ±1 represents the left-/
right-handed circularly polarized incident light, φ is the cross-
polarized transmitted phase, and θ is the local orientation angle
of the nanofin (Figure 2c). Such large-aspect-ratio dielectric
structures with high refractive index can generate waveguide
modes, thus realizing a zero-order transmitted phasemodulation
with a high efficiency of more than 93%. It is challenging to
obtain a similar result by using traditional platforms such as the
ground glass or the spatial light modulator. Figure 2d shows the
calculated information entropy with an increase of the disorder
of the phase distribution. The information entropy is calculated
by

H p p( ) ( )log ( ( ))
j

N

j N j
1

=
= (6)

where N is the number to evenly segment the phase interval 0−
2π, pj (φ) is the possibility of the phase located in the j-th
interval. The disordered phases result in different sizes of the
instantaneous intensity speckles in the transmitted light (insets
in Figure 2d), and larger information entropy corresponds to

Figure 2. Design and fabrication of the dielectric nanofin array. (a) Coherence manipulation by controlling PFRs with a fixed beamwidth w0. (b)
Coherence being continuously manipulated by controlling the beamwidths with a fixed PFR. (c) Simulated cross-polarization transmission and abrupt
phase change as a function of different orientation angles of the nanofins at an operating wavelength of 532 nm. (d) Calculated information entropy of
the phased arrays and the instantaneous intensity of the transmitted light in each region. The intensities are normalized with the amendment coefficient
on the bottom of the speckle intensity insets in (d). (e) Scanning electron microscopy (SEM) images of the fabricated metasurfaces for three different
Δφ.
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lower spatial coherence. The statistical metasurface can be easily
fabricated using the standard atomic layer deposition
method35,36 through single-step lithography. The scanning
electron micrograph of the fabricated sample is shown in Figure
2e. The total size of the fabricated statistical metasurface is 240×
40 μm.
In the experiment, a left-handed circularly polarized Gaussian

beam with a size of 30 μm was focused onto the statistical
metasurface, which was a bit smaller than the width of the
statistical metasurface to avoid information crosstalk. An electric
translation stage controlled the movement of the statistical
metasurface along the x-direction, loading a random phase
change to the wavefront within a limited phase coverage. A
cross-polarized imaging system was employed to capture 1000
instantaneous frames of speckles by unidirectionally scanning
240 μm for every coherence manipulation within 1 min, which is
mainly limited by the time response of the charge-coupled
device (CCD). There is no depolarization when the beam travel
through the optical setup, and it is reasonable to use the scalar
approach in our study (Figure S5). The lattice size of the
metasurface is 330 nm, leading to incorporating the statistically
scattering effects of new nanostructures in every frame. As a
result, the normalized covariance of intensity fluctuations can be
statistically considered “different” among different frames. The
measured instantaneous intensities for different phase fluctua-
tions show significant intensity speckles with the size related to
the coherence length (Figure 3a−e). The defects in the light
distribution can be attributed to fabrication imperfections. The

average intensities are the MIF of the fluctuating EMWs at point
r = r1 = r2, which are calculated by averaging the 1000
instantaneous intensity distributions. The beamwidth w0 of the
generated speckled beams can be analyzed by adopting a
theoretical Gaussian curve-fitting of the average intensity
distributions. Figure 3f shows the fluctuation of the measured
full width at half-maximum (fwhm) of the speckles for different
PFRs, which apparently fluctuate in a limited range and decrease
as the PFR increases. These fluctuations statistically determine
the coherence properties of the transmitted beam. Each speckle
can be viewed as a coherent superposition of the incident light,
and the light emanating from the speckle should also be
coherent.37 In contrast, the light emanating from different light
speckles is separated by different superposition processes, such
as the low-intensity areas between the speckles arising due to the
statistically averaged superposition. Thus, the size of the
speckles can serve as a significant indicator of the coherence
of the beam. The smaller the speckle, the lower the spatial
coherence. Figure 3g illustrates the detailed experimental setup
for capturing the aforementioned instantaneous intensity
distributions shown in Figure 3a−e. Although in the prototype
design we employed P−B phase to realize phase control, which
additionally introduced waveplates and polarizers, the limitation
is not fundamental. Themajor advantage of metaoptics is that by
designing the local resonances, wavefront control can be
efficiently realized and the polarized elements can be readily
removed by using designs such as resonance-phase-based meta-
atoms. In the experiments, we obtained the speckles distribution

Figure 3. Measurement of the transmitted statistical speckles. (a−e) Experimental instantaneous intensity distributions (top) and corresponding
average intensity of 1000 instantaneous intensities (bottom) for different PFRs. The intensities are normalized with the amendment coefficient on the
top of (a−e). (f) Fluctuation of the measured fwhm of the speckles induced by the disordered arrangement of the nanofins. (g) Experimental setup to
capture the instantaneous intensity distributions of the Gaussian-envelope beams. The statistical metasurface sample is located at z = 0 in the
laboratory coordinate.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c02115
Nano Lett. 2022, 22, 6342−6349

6345

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02115/suppl_file/nl2c02115_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02115?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02115?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02115?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02115?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c02115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


at z = 120 μm where the measured coherence had reached the
convergence condition (see Supporting Information Sec. S4 and
Figures S2−S4). Further details regarding the measurement can
be found in Supporting Information Sec. S2.
Spatial coherence manipulation of the disorder-engineered

statistical metasurfaces. The output light distributions captured
by the CCD can be statistically analyzed to measure the
normalized fourth-order correlation function (FOCF)38

g
I r I r

I r I r
r r( , )

( ) ( )

( ) ( )
M m

M m m
(2)

1 2

1
1

( )
1

( )
2

1 2
= =

(7)

where I(̅r1) and I(̅r2) denote the averages of the captured
instantaneous intensities at points r1 and r2. The probability
distribution of the random phase embedded in the sample is
spatially uniform, and the scanning speed of the process is timely
uniform. The measured coherence can reach the convergence
condition when the number of the captured frames is large
enough. In the experiment, we capturedM = 1000 pictures of the
instantaneous intensity to achieve convergence of the
normalized FOCF (Figure S6 shows the theoretical and
experimental global coherence convergence for the different
numbers of captured frames). On the other hand, the
normalized FOCF is linearly dependent on the square of the
modulus of the DOC function provided that the random process
follows the Gaussian statistics, i.e.,

g r r r r( , ) 1 ( , )(2)
1 2 1 2

2= + | | (8)

Figure 4 further demonstrates the spatial coherence
manipulation based on the disorder-engineered statistical

metasurface. The intensity distribution of the fully coherent
Gaussian beam is shown in Figure 4a. Figure 4b shows the
experimental results of |μ(r1, r2 = 0)|2 for different PFRs. |μ(r1, r2
= 0)|2 is Gaussian-enveloped as the partially coherent beam
belongs to the Gaussian Schell-Model. The coherence is
irrelevant to the selected reference point.39 The theoretical
Gaussian curve-fittings were adopted to obtain the coherence
length of the beams, as shown in Figure 4c. Although the
Gaussian curve-fitting varies for different cut-line orientation
angles, the calculated DOC is only affected by limited
fluctuations for a specific PFR (Figure 4c and the inset). The
Gaussian curve-fittings for different α values and PFRs are
provided in Figure S7. We also calculated the global coherence η
= δ0/w0 for each PFR, where δ0 denotes the coherence length of
the output beam obtained via the theoretical fit, and w0 denotes
the beamwidth of the output beam in the experiments. Figure
4d,e shows the comparison between the theoretical and
measured global coherence of the output light for different
PFRs and the global coherence with different beam sizes for Δφ
= 2.0π, respectively. It is noted that the lowest DOC is not
approaching 0. Achieving a fully incoherent beam is a challenge,
since it requires disordered wavefront manipulation with points
of geometry size approaching infinitely small. Further
experimental results regarding the intensity distributions and
|μ(r1, r2 = 0)|2 for the spatial coherence manipulation with
different beam sizes are provided in Figure S8.
Spatial coherence manipulation of other special beams. The

proposed method can conveniently manipulate the spatial
coherence of a wide range of special beams. Generally, the
special beam can be realized through a transmission screen T(x,

Figure 4. Spatial coherence manipulation based on the statistical metasurface. (a) Intensity profile of the fully coherent Gaussian beam at the z = 120
μm cut-plane. (b) Experimental distributions of |μ(r1, 0)|2 for different PFRs at the z = 120 μm cut-plane and the Gaussian curve-fitting along the x = 0
cut-line. The fwhms of the Gaussian curves indicate the coherence length of the generated partially coherent beams. (c) Gaussian curve-fitting of |μ(r1,
0)|2 forΔφ = 2π for different cut-line orientation angles α, which is defined at the intersection with the +y direction shown in (b). Inset: Zoom-in on the
influence of α. (d,e) Comparison between the calculated and measured global DOC manipulated by (d) PFRs and (e) beamwidths. The error bar
indicates the measured statistical fluctuation induced by the incomplete sets of cut-lines.
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y) with specific amplitude and phase distributions. The complex
envelope of the transmitted light is described as

A x y t A x y t T x y( , , ) ( , , ) ( , )t i 0= (9)

where Ai is the complex envelope of the incident light, and τ0 is
the average time delay associated with the metasurface. Thus,
the MIF of the transmitted light is given by

x y x y A x y t A x y t

T x y T x y A x y t A x y t

( , ; , ) ( , , ) ( , , )

( , ) ( , ) ( , , ) ( , , )

t t t

t t

1 1 2 2 1 1 2 2

1 1 2 2 1 1 0 2 2 0

= *

= * *
(10)

Accordingly, the general relationship between the incident and
transmitted mutual intensity is

x y x y T x y T x y x y x y( , ; , ) ( , ) ( , ) ( , ; , )t i1 1 2 2 1 1 2 2 1 1 2 2= *
(11)

where Γi (x1, y1; x2, y2) is the MIF of the incident light.
Specifically, when T (x, y) is a unitary phase mask, the DOC of
the transmitted beam is the same as that of the incident beam.
Thus, we can load a unitary phase mask onto the generated
partially coherent beam and obtain a special beam with the same
spatial coherence. To demonstrate the spatial coherence
manipulation of the special beams, we employed a vortex
phase plate to modify the generated partially coherent beam
(Figure 5). The calculated intensity distributions of the partially
coherent vortex beams with different coherences are shown in
Figure 5a−c, and the corresponding measurement is shown in
Figure 5 d−f. The vortex phase plate incorporates an additional
wavefront to the partially coherent beam generated by the
statistical metasurface, which does not alter the beamwidth and
spatial coherence. The central dark spot of the doughnut
intensity profile for the partially coherent vortex beam

phenomenologically becomes smaller and weaker with decreas-
ing spatial coherence. Similar operations can also be applied to
phase-only partially coherent hologram generation.

■ DISCUSSION
Compared with light fields with high coherence, partially
coherent beams with lowered DOC can potentially improve the
robustness of information transmission, especially when there
are obstacles and artifacts in the optical path. It is worth noting
that the limitation of phase-only based partially coherent special
beam generation is not fundamental, and the transmission
screen T(x, y) with arbitrary amplitude and phase distribution
can also be realized with proper metasurface design. Compared
with conventional methods that control the spatial coherence of
light by employing bulky disordered media, our approach
significantly reduces the energy loss of the incident light, which
further promotes the applications of partially coherent beams.
Furthermore, it is also possible to achieve rapid modulation of
the spatial coherence by adopting a microelectromechanical
system40 or employing structured light41 to scan the sample.
Based on the statistical metasurface for partially coherent beam
generation, we envision robust information transmission in
computational imaging42 and wearable devices working in
complex environment.43

In summary, we propose an extra-cavity-based strategy to
accurately manipulate the spatial coherence of EMWs by loading
a random phase distribution onto the wavefront on the statistical
photonic platform. With highly efficient dielectric nanofins that
can locally manipulate the correlation between different
locations of EMWs, we realize the generation of partially
coherent light with a predefined DOC and modulate the output
beam from fully coherent to incoherent on the statistical
metasurface platform. We also demonstrate the statistical

Figure 5. Spatial coherence manipulation of the vortex beams. (a−c) Theoretical calculations of the intensity distributions of the partially coherent
vortex beams with different coherences. (d−f) Corresponding measured intensity distributions of the partially coherent vortex beams with different
coherences. The central dark spot of the doughnut intensity profile for the partially coherent vortex beam becomes weaker with decreasing coherence
due to the disordered phase distribution.
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properties of the metasurface, such as information entropy, and
apply this design strategy to generate partially coherent vortex
beams, and the experimental results are consistent with the
theory. This strategy not only significantly simplifies the
experimental setups to generate partially coherent beams but
also enables predesigned and accurate manipulation of the
spatial coherence for different types of light beams. Our
approach paves the way for further applications in information
photonics such as turbulent information transmission and
information retrieval in disordered or turbulent media.
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