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ABSTRACT: Partially coherent light is essential in lithography

systems, where it improves illumination homogenization, enhances Aot
resolution, and mitigates speckle noise, playing a key role in

advanced imaging applications. However, efficiently generating and

computing partially coherent beams (PCBs) remains a challenge, Pupll
particularly in high-precision lithography where computational

efficiency is critical. Here, we introduce a novel modal-super- 5 | I os o EEARe
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higher precision and efficiency. The method requires significantly
fewer modes compared to conventional techniques while
maintaining high accuracy in intensity and coherence. We apply
the few-mode superposition method to the efficient generation of
partially coherent light sources and computational lithography, showcasing its ability to rapidly produce PCBs with nonconventional
cross-spectral density functions. This facilitates fast lithography simulations and other applications involving partially coherent light.
Our approach significantly accelerates both the generation and calculation of PCBs and holds promise for integration with on-chip
laser sources, as well as for high-energy laser generation and lithographic mask design.
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1. INTRODUCTION in the space-time domain.’’"** Since the CSD function
contains information about field correlations at two points, it
typically involves four-dimensional integral calculations in the
analysis of the propagation, imaging, and scattering of partially
coherent light beams.”*~*° This renders the analysis of partially
coherent beams more time-consuming compared to that of
coherent beams. Therefore, incoherent modal-superposition
methods, such as coherent-mode, pseudomode, and random-
mode superposition,”””" have been proposed for representing
PCBs and are widely used in imaging and free-space optical
communication systems. These methods offer significant
advantages in simplifying analysis and reducing time-
consumption in integral calculations.”***** Additionally,
incoherent modal-superposition has been employed in the
experimental generation of various PCBs.*' —*° Coherent-mode
superposition provides critical insights into the global
coherence of the source through its weight distribution and

With the development of conventional and structured
lasers,' > high-coherence light sources have found widespread
applications. However, decoherence is ubiquitous and often
occurs in complex media or randomly fluctuating light fields.
Counterintuitively, in some scenarios, the decoherence effect
can have positive impacts.’® For example, partially coherent
beams (PCBs) can enhance computing parallelism without
significantly sacrificing accuracy, potentially enabling larger-
size photonic tensor cores.” By reducing the coherence of the
light source, the speckle effect during imaging can be
weakened.”""" Adjusting the coherent structure of the PCB
has further enhanced the beam’s shaping capabilities and
mitigated the effects of atmospheric turbulence.'’ Recently,
PCBs have been utilized for information encoding during
propagation through complex media.'” Nevertheless, decoher-
ence has introduced significant challenges to the numerical
calculation of light wave propagation. Treating PCBs in -
applications such as lithography, high-energy Ilasers, or Received:  December 31, 2024 fpttonics
synchrotron radiation as fully coherent beams without Revised:  March 12, 2025
appropriate corrections can lead to various issues."* "’ Accepted: March 12, 2025
Based on optical coherence theory,” PCBs can be Published: March 18, 2025
characterized by the cross-spectral density (CSD) function in
the space-frequency domain or the mutual coherence function

© 2025 American Chemical Society https://doi.org/10.1021/acsphotonics.4c02613
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Figure 1. Schematic diagrams of systems with partially coherent beams. (a) Partially coherent light propagates to the target plane through various
optical elements. PCB, partially coherent beam. (b) The modal-decomposition methods used to simplify the propagation and imaging calculations

with partially coherent illumination.

reveals the local structure of spatial field correlations between
pairs of points.'> However, coherent-mode superposition is
suited for simple PCB models, such as Gaussian Schell-mode
(GSM) beams and twisted GSM beams. In contrast,
pseudomode and random-mode superposition offer greater
flexibility and have been utilized for the experimental
generation and calculation of more complex PCBs. They can
also yield local structures of spatial field correlations at pairs of
points, and the coherent modes can be calculated from random
modes using orthogonal decomposition.'” However, the
increase in the number of modes results in longer generation
and computation times,””*”*" hindering real-time generation
of PCBs.

To address this problem, we propose a novel incoherent
modal-superposition method called few-mode superposition
for highly efficiently synthesizing PCBs. By employing the
iterative method, fewer modes are required to represent PCBs
in terms of the intensity and CSD distributions through various
optical elements. The feasibility of generating PCBs using the
few-mode superposition method was validated through
theoretical analysis, numerical simulations, and experiments.
The transmission characteristics of the generated PCBs were
confirmed through double-slit interference. The results
indicate that the number of modes required to generate
PCBs using few-mode superposition is approximately 100
times fewer than that needed with random-mode super-
position. Additionally, few-mode superposition can generate
PCBs with special correlation functions, which were further
utilized in imaging simulations of lithography with various
incoherent light sources. Subsequently, the calculation times
for the conventional Abbe method and few-mode super-
position were compared, with the latter being nearly 100 times
faster than the former.

2. THEORY

Without loss of generality, we consider an annular spatially
incoherent light source (Figure la), in which point light
sources illuminate the optical element (e.g, free space, lens,
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double slits, phase masks) from various angles. Due to the
narrow bandwidth of the illumination and the compact optical
system, temporal coherence is not considered in the
subsequent analysis. For conventional calculations, the imaging
results with a monochromatic incoherent light source are
obtained by integrating the intensity from each point source,*®
denoted as

Itotal S Z Z S( Gy)lﬁ()\E(Gx) Uy)|2

sum g o, (1)

where S(o,, 0,) is the intensity distribution of incoherent
source and S, is a normalization factor. [/jo\ represents the
transmission operator from the pupil plane to the target plane.
E represents the electric field at the point (5, 0,) on the
incoherent source plane.

The light emitted by a point light source can be treated as a
fully coherent mode. According to the Van Cittert—Zernike
theorem, an incoherent light source will transform into a PCB
during propagation”’ (PCB source plane in Flgure 1a). Then,
according to the Hopkins imaging equations,”® the propagation
calculation of PCBs can be expedited using the CSD function,
expressed as

W(pll Pz) = ﬁW(rb rz) (2)

where W(p,, p,) and W(r,, r,) represent the CSD function. p
and r represent the coordinates on the target plane and the
PCB source plane, respectively. U represents the transmission
operator from the PCB plane to the target plane. Based on
Mercer’s theorem,*® 3% the CSD function on the PCB source
plane and target plane can be decomposed as

W(rv 1'2) = Z Amgi(rl)gm(rz)
m=1 (3)

Wip,, p,) = Y. 2,[085m)100,(r,)] “
m=1 4
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Figure 2. Generation results of the PCB source intensities, CSD amplitude distributions and double-slit interference patterns with few-mode
superposition method. (a) represents the theoretical intensity of a GSM beam on the source plane. (b) represents the simulated intensity
synthesized by few-mode superposition method and (c) is the corresponding experimental intensity. (e—g) are the theoretical, simulated, and
experimental CSD functions on the source plane, respectively. (i—k) Interference patterns on the focal plane after the GSM beam passes through
the double-slit. (d, h and 1) represent the fitting results of the theory, numerical simulation, and experiment, respectively.

A, means the mode weight of the modes. As shown in Figure
1b, the distinction between coherent-mode and random-mode
superposition lies in the types of @,,(r).”® The coherent-mode
and its mode weight are calculated by orthogonal decom-
position with a chosen basis. The random-mode is calculated
by Fourier transformation of an incoherent light field
constructed with plenty of random phases.”® By using the
coherent-mode or random-mode as decomposition basis, the
error can only be reduced by deleting some terms. It is not
flexible and it lacks feedback in the process.

In comparison, the principle of decomposing partially
coherent light into few-mode superposition is achieved
through an iterative process (see Methods section for further
details). At the source plane, partially coherent light is
decomposed into a series of incoherent superpositions of
coherent modes, written as W(r;, r,) = 3., E#(r,)E,(r,).
Then, the focal intensity of the partially coherent light after
passing through a scatterer with a known transmittance
function is denoted as I. By minimizing the difference
between the theoretical intensity I. and the calculated intensity
with of modes E,(r), that
Il — Zrzl FIE,,(r) O(r)*|| few-mode can be obtained within
the preset error range. The minimization is realized by the
multiprobe ptychography iterative eigen.”* Here, “m” denotes
the m-th mode, with a total number of M. ¥ denotes the
Fourier transform, and O(r) is the transmittance function of
the scatterer. Owing to this design with a feedback mechanism,
the few-modes superposition method shows a lower error with
the same number of modes and requires fewer modes under
the same preset error conditions. As shown in Figure 1b, the
results indicate that the number of modes required for the few-
mode superposition to synthesize the GSM beam illumination

a series is min
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and imaging process is significantly fewer than that required for
coherent-mode and random-mode superpositions.

3. RESULT

3.1. Generating PCBs with Few-Mode Superposition.
To demonstrate the feasibility of few-mode superposition
method, a GSM beam is used as an example, and the CSD
function at the source plane (z = 0) is expressed as*’
r+ 1) *

405 260

e, —

W(ry, 1,) = Agexp| — )
S

A, is a constant, which was set as 1 in the following analysis. ¢,
and J, are the beam width and the coherence width. Figure
2a,e represents the theoretical intensity (i.e., I(r;) = W(r, r, =
r;)*®) and CSD distribution (with central reference, i.e.,
W(r,,0)), respectively. Both are Gaussian distributed, and the
waists are determined by 6, and J,. Here, 4 = 532 nm, ¢, = 0.5
mm, and J, = 0.2 mm. Subsequently, few-mode superposition
was employed to generate the GSM beam, with the results for
intensity and CSD distribution presented in Figure 2b,f. In the
experiment, a spatial light modulator was utilized to load
holograms generated using few-mode superposition (see
Methods section for further details). Figure 2c shows the
experimental results for the intensity distribution on the source
plane. As the camera cannot directly measure the CSD
function, the interference method*' was employed to measure
the CSD distribution, as illustrated in Figure 2g. The
background noise is attributed to experimental noise. The
fitting curves for intensity and CSD distribution are presented
in Figure 2d,h. The results from both numerical simulations
and experiments align closely with the theoretical patterns.
Additionally, the transmission characteristics of PCBs through
a double-slit were analyzed. The slit width is 0.2 mm, and the

https://doi.org/10.1021/acsphotonics.4c02613
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Figure 3. Comparison of intensities generated by few-mode, coherent-mode, and random-mode superposition methods. (a—c) The focal intensities
of the GSM beam generated by few-mode, coherent-mode, and random-mode superposition methods. Within an error of 5%, the required modes
are 16, 64, and 2000, respectively. (d—f) Comparison of GSM beam intensity errors constructed by different modal-superposition methods with the

same number of modes.
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Figure 4. Generation of controllable optical cages. (a, d) are the theoretical intensity distributions of an LGCSM beam focused by a thin lens near
the focal plane (x—z view) for different initial coherence widths. (b, e) are the corresponding simulation results of the optical cages generated by

the few-mode superposition method. (¢, f) are the fitting results of the the

oretical and simulated data at z = 250 mm.

center-to-center distance between the slits is 0.4 mm. The focal
interference intensity was recorded, as depicted in Figure 2i—k.
The fitting curves in Figure 21 further reveal that the second-
order statistics, including the intensity and the CSD
distribution, of few-mode superposition in the numerical
simulation and the experiment align well with those of the
theoretical results.

Figure 3 compares the quality of GSM beam intensity
distributions generated by few-mode, coherent-mode, and
random-mode superposition. When a sufficiently large number
of modes are used, all three methods are consistent with
theoretical predictions. However, to enhance the efficiency of
experimental or numerical simulations, a smaller number of
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modes is typically preferred, although a smaller number of
modes may introduce errors. Using the theoretical focal field
intensity as a reference, random-mode superposition requires
2000 modes to maintain an error below $% (Figure 3c). For
the same error margin, coherent-mode superposition requires
64 modes (Figure 3b), whereas few-mode superposition
requires only 16 modes (Figure 3a). With the same number
of modes used in modal-superposition, as shown in Figure 3d—
f, the accuracy of few-mode superposition is significantly higher
than that of the other two methods. To fully characterize a
partially coherent source, both its intensity distribution and
degree of coherence, which is essentially a normalized two-
point correlation function, should be specified. Compared to

https://doi.org/10.1021/acsphotonics.4c02613
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illuminations. Scale bars in (c—e) are 30 um.

coherent-mode and random-mode superposition methods, the
few-mode superposition method provides a better reconstruc-
tion degree of coherence with the same number of modes (see
Supporting Information for further details).

3.2. Generation of Optical Cage with Few-Mode
Superposition. By structurally modulating the CSD
functions, such as those of Laguerre—Gaussian correlated
Schell-model (LGCSM) beams, PCBs exhibit interesting
propagation properties. The intensity of an LGCSM beam
presents a three-dimensional optical cage near the focal
plane,"** as shown in Figure 4. The size of this optical cage
can be adjusted by modifying the initial coherence length. The
CSD function of an LGCSM beam at the source plane can be

expressed as™?
2
(6)

B, is a constant, which was set as 1 in the following analysis. LY
denotes the Laguerre polynomial of mode order »n and 0.
Within the validity of the paraxial approximation, the
propagation of the CSD of an LGCSM beam through an
ABCD optical system can be studied with the help of the
extended Collins formula.”> The intensity of the LGCSM
beam on the output plane can be obtained from the CSD
function as I(r;) = W(r,, r, = ;).

Figure 4a shows the theoretical intensity distributions of the
LGCSM beam near the focal field, obtained through a complex
quadruple integral of the four-dimensional CSD function.
Here, f=250 mm, n = 1, A = 632 nm, 6, = 1 mm, and §, = 0.8
mm. Given the complexity of the LGCSM beam, representing
it using coherent-mode superposition is challenging, as it
requires solving the eigenvalues of a Fredholm integral
equation.”* However, few-mode superposition does not require
complex integral calculations, and the light intensity distribu-
tion in different planes can be determined through numerical
simulation. Figure 4b shows the intensity distribution
simulated by few-mode superposition, which is consistent
with the theoretical results in Figure 4c. As &, decreases, the
optical cage gradually enlarges, as shown in Figure 4d, where

(1'2 - 1'1)2

28,

2 2
ry +r; _

2
40,

lr, — x
2
26,

W(rv 1'2) = Bjexp| —
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the initial coherence length is set to J, = 0.5 mm. The
numerical simulation results using few-mode superposition are
also consistent with the theoretical integral calculation results,
as shown in Figure 4d—f. The controllable optical cage formed
by few-mode superposition will be useful for trapping particles.

3.3. Lithography Imaging Simulation of an Aerial
Pattern with Incoherent lllumination. In lithography,
beam homogenization can be applied to suppress coherent
noise by reducing the spatial coherence of the illumination. As
shown in Figure Sa, a generic projection system is considered,
including an incoherent light source, a condenser lens, a mask,
an objective lens, and a resist-coated wafer.”” To design the
mask, a fully coherent Gaussian beam is assumed as the input
to form the desired imaging pattern through an inverse Fourier
transform algorithm. Figure 5b shows an example of the phase
mask. When fully coherent light is incident on the mask, the
aerial pattern on the wafer is shown in the illustration of Figure
Sb (top inset).

However, considering the decoherence of the light source,
the actual aerial image should be a superposition of patterns
generated independently by each point on the pupil plane (a
process known as the Abbe method). Modifying the pupil
shape produces different images, as shown in Figure Sc—e. The
focal lengths of the two lenses are 5 and 2 mm, with 4 = 193
nm, and the scale bars in Figure Sc—e are 30 um. In
lithography, the illumination system can be adjusted based on
the imaging results, necessitating a rapid prediction of the
imaging outcomes under different incoherent illuminations.
According to the Van Cittert—Zernike theorem, the incoherent
light source transforms into a PCB on the mask. Therefore, the
few-mode superposition method is utilized to perform the
numerical simulation. The results show that the simulation
with few-mode superposition is almost equivalent to the Abbe
method for different illumination systems.

3.4. Low Coherent Optical Calculation with Superior
Simulation Speed via Few-Mode Superposition. Regard-
ing computation time, the few-mode superposition method
demonstrates significant superiority. Calculations in a double-
slit interference system and a focusing system were analyzed, as
shown in Figure 6a. The sampling points in the entrance and
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Figure 6. Comparison of time-consumption for different methods in the simulation of (a) double-slit interference and (b) lithography.
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Figure 7. Schematic of the experimental setup. (a) Experimental setup for the generation of the GSM beam. BE, beam expander composed of a
pinhole and a convex lens; M, reflective mirror; BS, beam splitter; SLM, spatial light modulator; L1, L2, L3, thin lenses; CCD, charge-coupled
detector (ECO445). (b) Interference prediction of a GSM beam passing through a double-slit. DS: double-slit.

output fields are identical (600 X 600), with &, = 0.46,. In both
cases, the computational cost exceeds 1 h for the direct
integration method, rendering it unsuitable for practical
applications (see Supporting Information Section S1 for
further details of the computational environment). For the
coherent-mode and random-mode superposition methods, a
large number of modes is also required to achieve the preset
target accuracy, leading to a rapid increase in computation time
as the number of modes increases. The computational costs for
the random-mode and coherent-mode superposition methods
are also shown in Figure 6a. In comparison, the proposed few-
mode superposition method achieves a computation time of
less than 1s, which is significantly shorter than that of the
direct integration method, as well as the random-mode and
coherent-mode superposition methods. This is attributed to
the fact that fewer modes are required in few-mode
superposition method to achieve the same precision.
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In Figure 6b, the time-consumption of the Abbe method and
the few-mode superposition method in lithography is
compared. Due to its tedious point-by-point calculation
method, the computation time of the Abbe method increases
drastically with the number of calculation points on the pupil
plane. This leads to a severe waste of resources, as not all mode
imaging results are critical. Operating all the modes increases
both the computation time and memory usage, greatly limiting
its potential in practical applications. Here, the sampling points
in both the entrance pupil and the wafer are the same (600 X
600), and a computational cost of approximately 539s for the
Abbe method was needed. Then, the few-mode superposition
method was adopted to evaluate the calculations. With 49
modes used in the few-mode superposition method, the same
result can be calculated in 5.9 s. When the pupil changes, the
calculation time for the Abbe method will also change
accordingly. As shown in Figure 6b, approximately 1011 and
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142s are required to obtain wafer images for two types of
annular illumination systems. In contrast, the few-mode
superposition method consumes no more than 10 s.

4. DISCUSSION AND CONCLUSIONS

The proposed few-mode superposition method enhances the
modal-superposition calculation of partially coherent fields.
First, the few-mode superposition method for the experimental
generation of PCBs enables rapid generation of partially
coherent fields with various CSD distributions. Second, it
offers greater flexibility compared to other modal-superposition
methods, without sacrificing accuracy or efficiency. Third, the
method demonstrates strong universality in predicting the
propagation of PCBs with nonconventional CSD functions. It
can be applied to lithography imaging prediction of incoherent
light sources. Notably, the proposed method facilitates faster
calculation of PCBs compared to other modal-superposition
methods. In conclusion, the few-mode superposition method
holds significant promise for efficient PCB generation, optical
proximity correction in lithography, and fast simulations of
optical processes with partially coherent illumination, such as
synchrotron radiation sources and X-rays.

Furthermore, the feasibility of using an iterative method to
calculate the modes in the few-mode superposition method is
confirmed by reconstructing the intensity of the beam passing
through the scatterer. As the degree of coherence length
decreases, more modes are required for iteration, increasing
the memory and computational time requirements. Therefore,
for numerical simulations of low coherence or incoherent light
fields, subregions can be utilized for iteration. The entire light
field can be spliced and integrated to obtain comprehensive
light field information. In practice, the number of modes for
iteration and the intensity acquisition scheme can be selected
based on specific requirements.

5. METHODS

5.1. Experimental Setup for PCB Generation with
Few-Mode Superposition. The experimental setup is
illustrated in Figure 7 The beam from a diode-pumped solid-
state laser source was expanded into a near-plane wave using a
beam expander and subsequently illuminated a spatial light
modulator (SLM). The holograms shown in Figure 7 were
loaded onto the SLM to modulate the amplitude and phase
distribution of the incident beam. The light field reflected from
the SLM passed through the beam splitter (BS) and a 4f
optical system composed of lenses L1 and L2 (each with a
focal length of 250 mm). A filter was positioned at the back
focal plane of L1 to select beams with a diffraction order of +1,
which were then collected at the output plane of the 4f system
using a CCD. The output plane of the 4f system (dashed line
in Figure 7a) was used as the source plane, and a camera
recorded the source intensity by superimposing the intensities
from all the holograms. A mirror was added above the BS to
measure the CSD using off-axis holography.*' The accuracy of
the generated beam was further validated through a double-slit
interference experiment. The double-slit was positioned behind
the source plane, and the camera was placed at the focal plane
of L3 (f = 250 mm), as depicted in Figure 7b.

5.2. Few-Mode Iterative Method. To calculate the
modes of few-mode superposition, an iteration algorithm was
used. The partially coherent light field can be regarded as an
incoherent modal superposition of multiple electric fields, thus
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the CSD can be decomposed as W(ry, r,) = Y,.E¥(r))E,,(r,).
After propagation, the intensity Iy(k) will be the incoherent
superposition of the diffraction intensities of all the modes,
denoted as Ij(k) = Y.y, () (k). Each y,,(k) represents the
diffraction field of E,,(r).

Then, a typical diffraction imaging process was simulated to
calculate the modes representing the PCB:

(1) First, the number of modes in the source plane is set to
M, and an initial guess was made for a series of E,,(r).
The distribution of the diffraction field y,,(k) (e.g., at
the focal plane) can be determined by

¥, (k) = F{E,(r)-0(r)} (7)
where r is the coordinate on the source plane and k is

the coordinate on the output plane. O(r) denotes a
known object (a resolution test chart).

The diffraction field was further updated using the
recorded intensity as

IR LR—
RO ) ®)

“m” represents the m-th mode, whose total number is M,

()

(k) =

and “i” is the i-th iteration.
) ) o* . )
B () = BL(e) + Ao () — @, (o))
10(r) [ax

)
where @ (p) = T_l{l;/;:(k) }. B is an update factor, set

to 0.8 in this work. 7 and F " represent forward and
backward diffraction propagation, respectively.

To generate additional constraints for the multimode
iteration algorithms, overlap-scanning was performed to
obtain multiple intensities. For each scan position, steps
(1-3) were repeated.

Steps (1—4) were repeated until the iterative error
between the recovered intensity I,(k) = ./, (k) (k)
and the theoretical intensity Iy(k) is less than a
predetermined threshold. Here, E,,(r) was reconstructed
after 20 iterations, and the cross-spectral density was
reconstructed based on W(r, r,) = Y M| E*(r,)E,,(r,).

(4)

(8)
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