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The high temporal and spatial coherence of free electron lasers (FELs) reduces the uniformity of the illumination
field, leading to scattering effects that blur the edges of patterns, resulting in diminished accuracy and clarity. Traditional
imaging models regard the light source as fully incoherent, making it difficult to assess the impact of partially coherent
light fields on imaging. If FELs are used in imaging systems, their coherence must be considered. To address this issue,
this study explores the relationship between coherence, imaging quality and speckle contrast through a simulation method
based on random phases. The method divides the light beam into temporal and spatial coherence cells, analyzes their
interactions, and simulates imaging results under different coherence conditions. Additionally, speckle patterns for various
illumination modes are calculated to evaluate their effects on speckle contrast and illumination uniformity. The results
indicate that under different illumination modes, illumination uniformity decreases as coherence increases, while speckle
contrast increases with higher coherence. In terms of imaging quality, higher coherence leads to an increase in both line
edge roughness (LER) and line width roughness (LWR), thereby reducing the imaging quality. Additionally, the narrower
the line width, the greater the impact of coherence on the imaging quality, resulting in poorer imaging performance.
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1. Introduction

Free electron lasers (FELs) have the characteristics of
high coherence and high collimation, enabling them to
produce highly powerful beams with precisely controlled
wavelengths.[!! The FEL relies on the principle of synchrotron
radiation, which states that when a high-energy, relativistic
charged particle undergoes radial acceleration, photons are
emitted to satisfy the physical principle of energy conserva-
tion. Its radiation wavelength is continuously tunable, and its
high-power femtosecond pulses have broad application poten-
tial.

A FEL generates laser radiation through free electrons in
a vacuum, with core components including the electron source
and the magnetic undulator.'?! Electrons become polarized in
a magnetic field, following a sinusoidal trajectory. Electrons
produce electromagnetic radiation (light pulses) as they per-
form undulating motion. The light pulses are reflected by up-
stream and downstream mirrors, repeatedly interacting with
subsequent electron bunches. As a result, the electrons cluster
along the direction of motion into micro-bunches smaller than
the wavelength of the light. These micro-bunches convert their
kinetic energy into the energy of the optical field, increasing
the amplitude of the light field. This process repeats multi-
ple times until the light intensity reaches saturation. The elec-
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trons, after their interaction, are deflected out of the system by
downstream bending magnets.

The concept of the FEL was first proposed by Madey in
1971.8! Since then, at least 50 FEL facilities have been es-
tablished worldwide. Notable facilities include the JLab FEL
in the United States of America,!*>! the Novosibirsk FEL in
Russia, ! the ALICE FEL in the United Kingdom,!”! and the
JAEA FEL in Japan. As early as around the year 2000, the
China Academy of Engineering Physics conducted theoret-
ical and simulation research on energy recovery linear ac-
celerators and proposed a design plan for a kW-level FEL
based on an ERL device.!®! Building on years of research in
radiofrequency superconducting accelerators, Peking Univer-
sity proposed the design plan for the Peking University ERL
FEL[! and carried out research work on ERL beam dynamics
design!'” and analysis of beam breakup (BBU) effects.!!!]

At the beginning of the 21st century, a proposal to
use FELs as high-power next-generation light sources was

12,131 FEL technology offers several advantages, in-

presented. !
cluding the absence of fragment and particle contamination,
no requirement for large aperture collector mirrors, low ther-
mal deposition, high average power, and beam quality near the
diffraction limit.['*13] In addition, in terms of imaging, com-
pared to conventional lasers, FELs can offer tunable wave-

lengths ranging from ultraviolet to x-rays. The tunability
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of the FELs allows for the selection of the optimal wave-
length for different imaging applications, thereby achieving
higher resolution. The FEL has a smaller divergence angle,
enabling higher-resolution images. Despite these many ad-
vantages, FELs face challenges due to their highly coherent
light sources, which are prone to producing speckle noise.
Coherence-induced speckle effects result in a reduced pro-
cess window. Additionally, the high spatial frequency non-
uniformity in the light field caused by the coherence of the
light source is difficult to correct using current uniformity
correction techniques, such as gray filter plates or microlens
arrays. 1]

In recent years, researchers have also proposed many
methods to reduce the effects caused by the high coherence
of FELs. For example, based on Fourier synthesis theory, the
Lawrence Berkeley National Laboratory uses a Fourier syn-
thesis illuminator to reduce spatial coherence. This method
has been proven to provide nearly fully spatially coherent il-
lumination. However, the coherence control time achieved by
this system is relatively long.!'”l It is often desirable to con-
trol the illumination shape, uniformity, and spatial coherence
in imaging systems. Holographic optical elements (HOEs)
provide a means to do this by enabling custom far-field pat-
terns to be generated from a coherent source. The Anderson
et al. team proposed a method to mitigate speckle using time-
varying pure phase HOEs and a scanning subsystem. This sys-
tem can homogenize and shape high-coherence light sources
into any form in systems with integration times exceeding
100 ms, with a speckle contrast of less than 1%.[18] This study
demonstrates that reducing the coherence of the light source
can make the light source more uniform, decrease the speckle
contrast, and ultimately improve the imaging quality. Naulleau
et al.’s team upgraded the Berkeley 0.3-NA micro-field expo-
sure tool and redesigned the programmable coherent illumina-
tion system to provide better field uniformity.!'”! The research
methods listed above have effectively mitigated the impact of
the FEL’s high coherence on imaging quality. Understanding
how the high coherence of FELs affects the quality of imaging
patterns requires an interpretation through relevant technical
metrics. However, traditional imaging models typically regard
the light source as fully incoherent, making it challenging to
provide a proper explanation. Therefore, a new partially co-
herent imaging model is urgently needed. This paper proposes
a partially coherent illumination simulation method based on
mutual intensity propagation theory, analyzing the imaging re-
sults under light sources with different coherence levels and

evaluating the corresponding image quality metrics.

2. Working principle
2.1. Coherence theory

Coherence is one of the key properties of a light field, and
is divided into temporal coherence and spatial coherence. [>!
Temporal coherence refers to the correlation of the light field
at different moments at the same spatial point, while spatial
coherence refers to the correlation of the light field at different
spatial points at the same time. In 1802, Young observed al-
ternating bright and dark fringes in his double-slit interference
experiment,?!! which opened the door to the study of optical
coherence. Figure 1 shows a schematic diagram of Young’s

(22,23

interference experiment. | The light intensity distribution

on the observation screen in Fig. 1 is as follows:

I:Il+Iz—|—2\/1112|Y12|cos[arg(‘)/12)], (1)

with I and I, representing the light intensities passing through
apertures S1 and S, respectively, and 7y, representing the
complex coherence of the light field. The visibility of the in-
terference fringes is defined as

K= (Imax - Imin) / (Imax +Imin) . (2)

Screen X —axis

Wavefront S,

Source

L/

Intensity

Fig. 1. Young’s interferometry.

For a partially coherent light field U (x,7), the light os-
cillations exhibit random fluctuations in both space and time.
Such random disturbances in a partially coherent light field at
different times or spatial locations cannot be fully described by
a two-dimensional complex amplitude function U (x) alone.
Instead, statistical methods are required to describe the coher-
ence of the light field.

For a stationary, ergodic light wave field, the spatiotem-
poral coherence of the light beam can be represented by the
mutual coherence function I" (x1,x2,7),/?*! which is defined
as follows:

F()C],xz,f) = <U(x1atl)U* (X27t2)>
= (U (x1,0)U" (x2,1 + 7)) , ()

where T =1, —t1, and the angle brackets denote taking the time

average. The complex degree of coherence is defined as the

normalized function of the mutual coherence function2>-26]

" o) I (x1,x,7)
X1,X2,T) =
b2 \/F(xl,xl,O)F(XQ,XQ,O)
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_ F(xl,X2,‘L') - (4)
\/11 (xl)lz ()Cz)

The two types of coherence in a light field — temporal and
spatial — can be described using the mutual coherence func-
tion. By focusing only on the effect of time delay and ignor-
ing spatial differences, the autocorrelation function represents
temporal coherence. Spatial coherence is typically analyzed
under the ‘quasi-monochromatic’ condition and a small op-
tical path difference, allowing the light field’s coherence to
approximate spatial coherence. Therefore, the physical quan-
tity I" (x1,x2,0), which characterizes spatial coherence under
quasi-monochromatic conditions, is defined as the mutual in-
tensity J (x1,x2):

J(x1,%) =T (x1,%2,0) = (U (x1,1) U* (x2,1)) . 5)

Incoherent imaging and coherent imaging represent two ex-
treme and ideal cases. The one more commonly encountered
is partially coherent imaging. When partially coherent light is
used for imaging, the system behaves as a linear system with
respect to the mutual intensity of light. It can be represented
by a quadruple overlap integral:

St = [ [ [ [T K@ minn
i

xK* (&2, M5 %2,y2) dxidyidxadys.  (6)

The K - K* corresponds to the impulse response of the system,
which can also be referred to as the system’s scattering func-
tion. This equation expresses the propagation relationship be-
tween the mutual intensity J (x1,x2,y1,y2) between two points
on plane X; and the mutual intensity J (&1,11, &, 12) between
two points on plane X,. The above equation indicates that the
propagation of mutual intensity can be regarded as a linear sys-
tem. According to Goodman’s theory of Fourier optics, in the
case of partially coherent light imaging, the system behaves as
a linear system with respect to the mutual intensity of light.[>7]
Based on linear system theory, the mutual intensity on the X,
plane can be obtained by linearly superimposing all responses
with J (x1,x2,¥1,y2) as the weighting factor.

2.2. Partial coherence illumination based on mutual inten-

sity propagation theory

To understand the relationship between spatial and tem-
poral coherence and the contrast of speckle patterns, a simpli-
fied partial coherence illumination model has been established
based on the mutual intensity propagation theory and building
upon Noordman’s research.?8! Research shows that the con-
trast of the speckle pattern is caused by the combined effects
of the temporal and spatial coherence of light. The temporal
component is determined by the bandwidth of the laser source

and the duration of the laser pulse, while the spatial distribu-
tion of the speckle pattern depends on the intensity distribution
of light in the pupil. As shown in Fig. 2, a linearly polarized
laser beam, with spatial coherence area A, and temporal co-
herence function 7. , illuminates the mask surface.

INlumination plane

Source (mask plane)

k=
i=M

i=m

B 7

=2

1
L
oo
L
1

i=

Wave front ¢y ;

(%0,%0) (@5,9;)
I

sum

Condenser

Fig. 2. Partial coherence illumination based on mutual intensity propaga-
tion theory. A microlens array is placed at the point where the light beam
enters, dividing the beam into sub-beams. These sub-beams are then re-
flected by micro-mirrors onto the condenser lens, which focuses them
onto the illumination pupil plane. By adjusting the angle of the micro-
mirrors, the position of the sub-beams on the pupil plane can be altered,
allowing for multiple illumination modes.

A slightly simplified method was used, dividing the light
field into N temporal coherence cells and M micro-reflector
spatial cells. It is assumed that the light field space within the
micro-reflector space is fully coherent. According to the def-
inition of spatial coherence, the light within a coherence cell
has a temporally stable wavefront. However, due to the tem-
poral coherence of light, the phase will still undergo random

(291 but these changes are the same for

fluctuations over time,
the entire spatial coherence cell. Therefore, we define N x M
random phases @y ; for all combinations of temporal coherence
cell k and spatial coherence cell i.

When the light from a single spatial coherence cell i gen-
erates a fixed electromagnetic field on the observation plane, it
is described by E; whose intensity distribution is J; = (E; - E}').
It is important to recognize that any instantaneous combina-
tion of electromagnetic fields must be summed based on the
complex amplitude rather than intensity, regardless of spa-
tial coherence (coherence manifests in time accumulation).
Therefore, for a temporal coherence cell k, the electric fields
E; from M different spatial coherence cells must be summed
on the complex amplitude basis considering the phase @;.
The electric field intensity pattern on the observation plane is
Iy = (F-F;"). Here, it is assumed that the time delay caused
by the path length differences at the observation plane is neg-
ligible compared to the temporal coherence. First, assume that
all components of the system are ideally manufactured with-
out high-frequency phase modulation. The light field formed
by the spatial coherence cells on the mask surface is an ideal
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plane wave inclined at a certain angle. The instantaneous in-
tensity distribution of the illumination light field is shown in
Fig. 3. The speckle structure differences produced by differ-
ent illumination modes are significant, and the contrast of each
speckle pattern is 1. The speckle structure and scale depend on
the wavelength, numerical aperture, and illumination mode,
referring to the instantaneous intensity distribution of the illu-
mination light field.

Fig. 3. Speckle patterns under different illumination pupil modes. (a) Annu-
lar mode; (b) cross quadrupole mode; (c) dipole mode; (d)—(f) corresponding
speckle patterns.

For a temporal coherence cell &, the complex amplitude
E; from M different spatial coherence cells must be summed,
taking into account the phase ¢ ;, resulting in the cumulative
complex amplitude Fy:

M
Fi=Y Ei-exp(igx). )
i=1
The light field intensities from consecutive N temporal coher-
ence cells are summed, resulting in an accumulated intensity
on the observation plane, normalized as
N
qum Zlk ZFk'Fk*- (8)
k:l
Normalize the intensity Igyy, when i = j, E,Ej* = 1, when
i#j,Ei-Ef =0.

1

Isum: M
N M M

vk L E

k:11=lj JF#I

E%-exp[i (@ri—ocj)]- 9

The two terms before and after summation can be regarded as
the direct current (DC) term Ipc and the alternating current
(AC) term Ic.

Isum = Ipc +Iac. (10)

Here, the first term is the DC component, which is the sum
of the intensities of the light fields produced by the M spatial

coherence cells. Because no additional phase modulation is
introduced, the light intensity is completely uniform, and the
speckle contrast is 0.

The second term is the AC component, which describes
the interference cross-term between the field E; and the field
E;, arriving at the observation plane within the same temporal
coherence interval. This term has an average value of zero but
introduces intensity modulation. Since E; only depends on the
spatial variable, the summation order can be exchanged, and
the AC term can be written as

M M 1 N
IAC:Z Z E,EJ*NI;ICXP[I(

i=1j=1j#i

oi— o), AD

Jijn = Z exp [i (ei—orj)]|- (12)
Let J;; n represent the correlation of the light field fluctua-
tions between regions i and j over N temporal coherence cells.
This can be understood as the statistical correlation of the light
fields over a finite integration time. In the case where N is in-
finite, the above expression transforms into an integral form;
Jij N approaches the strictly defined spatial coherence (com-
plex degree of spatial coherence):

Jijoo = 1\}1_1)11 = ZCXP[ i —Pxj)]
T
= tim [expli(p(k) — plk. N di]. (13)
oo
0

where T represents the integration time. By introducing J;; v,
the above spatiotemporal problem is simplified into a spatial
variable problem, with the temporal factors (the number of
temporal cell N and the light field disturbances over time)
being uniformly expressed by J;; y. For example, when the
integration time includes only one temporal coherence cell
(N =1), the random phase difference within the spatial co-
herence cell is fixed (even if the integration time is long), and
all spatial coherence cells are mutually fully coherent. The
accumulated intensity distribution is then the same as the in-
stantaneous intensity, with a speckle contrast of 1.
The normalized intensity is written as

wm_ZE E*+Z Z E;-E} -Jijn- (14)

i=1j=1,j#i

Since Jijn =1,i=j:

Ma

M
Z -E} -Jijn- (15)

I
—

I

The above formula is equivalent to the mutual intensity trans-
mission formula of the light field, assuming that the total en-
ergy of the light field formed by each micro-reflector is the
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same. The speckle or uniformity of the illumination light field
completely depends on the spatial coherence of the light field
within the finite time integration of the micro-reflectors.

2.3. Coherent and partially coherent imaging

Photolithography projects a mask image onto a
photoresist-coated silicon wafer through a lens.?*! The op-
tical system of modern photolithography machines consists of
an illumination system and an imaging system. The illumina-
tion system adjusts the light source to achieve various partial
coherence states, meeting exposure needs for different pattern
shapes and densities. The optical model is based on Hopkins’
optical imaging theory, which pre-calculates the transmission
cross-coefficients (TCCs) to describe optical imaging. In the
optical model, the optimized light source is directed through
the illumination system onto the mask. If, in actual produc-
tion, the wavelength of the incident light is larger than the
mask line width, the imaging effect is dominated by diffrac-
tion. Some diffraction orders pass through the projection
system’s numerical aperture (NA) to the incident light pupil,
and then imaging occurs. The mask image obtained earlier,
after being processed by the optical model, results in the spa-
tial image of the mask pattern, as shown in Fig. 4, where
parallel incident light reaches the mask at maximum oblique
angles. This method ensures that each point on the mask re-

[30-32] This prevents

ceives parallel light from different angles.
illumination system defects, especially from the diffuser, from
being projected onto the mask, thus avoiding imaging defects.

The light emitted by an ideal monochromatic point source
is fully coherent. However, real physical light sources are not
point sources; they always have a certain spatial extent and
consist of many radiating elements. The light they emit is not
strictly monochromatic, as its spectrum has a certain width.

This type of light is known as partially coherent light.

Wafer
Illumination plan
(mask plane)

Source

k=Nk=2k=1 -7 =
i=M:]
i=m:[

]

.
1=2 L ) —
i=1 a —

Wave front ¢y ;

.

(20,Y0)

Condenser (@3,y:)

Fig. 4. Schematic diagram of a Kohler illumination system. The light
source is divided into several sub-beams by the device, which are then
projected onto the mask after passing through a lens. These sub-beams
are subsequently combined by an imaging system composed of a lens
group and pupil, and finally superimposed onto the image plane.

Assuming the coordinates of a certain light source point
on the source plane are (xg,yp), the coordinates on the mask
plane are (x,,, ), and the coordinates in the phase plane are

(xi,yi), we can obtain

Xm Ym
Su(s
M' M

= F " {Upn (xm —xf.ym —ys) -pupil}, (16)

Ui (xi,yi)

where U, and U; represent the complex amplitude distribu-
tions of the object and image, respectively, pupil is the sys-
tem’s aperture function, x¢, yr represent the spatial displace-
ment caused by the off-axis illumination, and M is the mag-
nification of the illumination system. F~! represents the in-
verse Fourier transform. Traditional imaging only considers
the case of normal incident light on the mask. Due to this fact,
in this paper, we consider oblique incidence and the presence
of a random phase. Therefore, the final complex amplitude
distribution in the image plane, Ejnage (X;,Yi), is given by

FEimage (xz"yi) =U; (xiayi)
X exp {ik[xm sin (6, ) + ymsin (6y,,)] + i(pr} , (17)

where 6,, and 6,, represent the angles of inclination in the
x and y directions, respectively, and @; represents the random
phase.

M
Lym = ZEi (xivyi)'Ei* (xhyi)

i=1
M M
+Z Z Ei(xi,yi) - E; (xj,y) - Jijn.  (18)

2.4. Speckle contrast

We study the relationship between coherence and speckle
contrast. Speckle contrast is defined as the ratio of the stan-
dard deviation of light intensity to the mean light intensity,
expressed as

C=—. (19)

ISUIII

Here, o represents the standard deviation of light intensity.
Based on the relationship between the variance, standard de-
viation and mean, equation (19) can be rewritten as

(20)

Assuming that all spatial units are independent of each other
and the light intensities are equal, we can obtain

’ M
\/M' M-1)- ¥ Z,#_fij,zv'fﬁw
=1j=1y7
— : 21
c — @

Set the distance between two points as p;;. In the case of com-

s

plete coherence, J = 1; in the case of complete incoherence,
J = 8(pjj). For all other points, except for the points them-
selves, the coherence is 0. In the case of partial coherence,
J = F(p;j). Assuming the diameter of the light source is D,
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the distance at the i spatial coherence unit is /; = % -i. Thus,
we can obtain

M

L F*(D/N-li—j])
j=Lji

M

a
I
Q_
<
b
Erﬁ:

(22)

From Eq. (22), it can be seen that the speckle contrast C is
highly dependent on the number of spatial coherence cells M
and the distance between the two points.

3. Results and discussion
3.1. The number of temporal cells N affects J

According to the expression

1 Y .
Jin= Nkz exp [1 (q)k,i - (Pk,j)} J
=

this depends on the range of phase fluctuations between the
two spatial cells over time and the number of temporal coher-
ence cells N within the integration time. As previously dis-
cussed, when N = 1, J = 1, completely independent of the
temporal phase fluctuations. There are two scenarios where
N = 1: (i) When the spectrum is ideal monochromatic light
with a bandwidth of 0, the temporal coherence length is infi-
nite, and N is 1 for any integration time. This indicates that
when the beam is fully temporally coherent, it also possesses
perfect spatial coherence. (ii) When the beam has a certain
bandwidth, and the integration time is very short, including
only one temporal coherence cell, N is 1. This is equivalent to
capturing the instantaneous light intensity over an extremely
short integration time, and the result does not reflect the cu-
mulative effect of the light field fluctuations over time. These
two cases have entirely different physical meanings.

When N approaches infinity or is sufficiently large, J can
be equivalent to the traditionally defined spatial coherence of
the light field, only affected by the temporal phase fluctua-
tions, converging to the spatial coherence of the two points and
not changing over time. When N is much greater than 1 but
not enough to make J;j y converge, which is the most com-
mon situation, J varies with time. Assuming the two spatial
cells are completely incoherent, ¢y ; and ¢ ; are completely
independent. According to the definition of coherence, un-
der infinitely long-time integration, J = 0. We independently
calculate 10000 integration time intervals and analyze the fluc-
tuation of J for different values of N, as shown in Figs. 5 and
6.

The expected value and standard deviation are as fol-
lows. Even if the light fields at two spatial points fluctuate
completely independently, residual coherence will still exist
within a finite integration time. When the number of temporal
coherence cells N within the integration time is small, J will
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Fig. 5. The influence of time coherent cells on J (N = 1-50000).
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Fig. 6. Expectation and standard deviation of spatial coherence N = (1-
50000).
fluctuate widely, manifesting as large fluctuations in speckle
contrast over time. As N increases, the fluctuations of J de-
crease, and its standard deviation gradually converges to 0.
Since the light field fluctuations are completely independent,
the mean of J also decreases to 0. If the light fields at the
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spatial points inherently possess some spatial coherence, the
mean will converge to that value.

The J can be characterized and detected by the fringe con-
trast of interference experiments within a specific integration
time. Supposing the lithography illumination consists of only
two discrete light source points, the illumination light field on
the mask will show interference fringes. The contrast of these
fringes represents the J of these two spatial points within a
certain integration time. As the number of light source points
increases, the interference fringes transform into speckles.

In the subsequent analysis and discussion, we will only
analyze the impact of J on the lithography performance. The
factors previously discussed, such as integration time and tem-
poral coherence length, are already included.

3.2. The number of light source points k and .J

First, consider two extreme cases. Under completely in-
coherent conditions, J = 0 and the cross term are entirely elim-
inated, resulting in Iyym = ):?il E;-E}, indicating complete in-
coherence between any two coherence cells. The illumina-
tion light field is the intensity superposition of the light fields
formed by each coherence cell, yielding a completely uniform
illumination light field with a speckle contrast of 0. In this and
the following simulation calculations discussed, the NA is set
to 0.33.

In the case of complete coherence, J;; v = 1:

ISUIII

™=

i=1 i=1

M M M
Y E-E; =Y E-Y E, (23)
j=1 i i=1

indicating complete coherence between any two coherence
cells. The illumination light field is the complex amplitude su-
perposition of the light fields formed by each coherence cell,
resulting in a fixed speckle pattern that does not change over
time. The accumulated intensity distribution is the same as the
instantaneous intensity distribution, with an illumination light
field uniformity of 0% and a speckle contrast of 1.

Complete coherence and incoherence are theoretical ex-
tremes, while practical coherence is typically partial. Due
to limited integration time and residual coherence between
micro-reflectors, the mutual intensity superposition of coher-
ence cells results in speckle contrast values between 0 and 1.
Assuming equal coherence between any two cells and a light
source with 200 points, we simulated speckle patterns under
different coherence levels for ring and secondary illumination,
calculating speckle contrast and light field uniformity. The
speckle contrast is defined as the standard deviation of inten-
sity divided by the mean intensity.

We simulated mask field imaging using dipole and annu-
lar illumination under coherent, incoherent, and partially co-
herent conditions. For simplicity, specific coherence values

were assigned, though they are typically related to spatial dis-
tances. To analyze further, we calculated scattering contrast
and illumination uniformity under various illumination and co-
herence conditions.

® 1.0} “@ Non-uniformity
-@-Speckle contrast,
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o
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Fig. 7. Speckle effect on the uniformity and contrast of the mask plane
field (dipole mode).
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Fig. 8. Speckle effect on the uniformity and contrast of the mask plane
field (annular mode).
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To better illustrate the impact of coherence on the mask
field uniformity and speckle contrast, the results are shown as
point-line diagrams in Figs. 7 and 8. These figures show that as
the coherence increases, the speckle contrast increases nearly
linearly, approaching the coherence level, while the mask field
non-uniformity also rises. For example, with annular illumi-
nation, increasing the coherence from 15% to 30% raises non-
uniformity from 47.73% to 71.16%, and the speckle contrast
from 15.11% to 30.49%. This indicates a direct relationship
between the prominence of speckle effects and the coherence.

The standard requirement for two-pole annular illumina-
tion is typically over 97% uniformity. This study uses 97%
as a benchmark to calculate the coherence levels for differ-
ent modes that meet this criterion, analyzing the coherence
required to achieve 97% uniformity under various conditions,
as shown in Fig. 9.

The results indicate that as the coherence increases, il-
lumination uniformity decreases (illumination non-uniformity
increases). To meet the requirement of illumination unifor-
mity greater than 97%, the coherence for two-pole illumina-
tion must be less than 0.72%, and for annular illumination,
it must be lower than 0.5%. At this point, the corresponding
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Fig. 9. The effect of different coherence levels on illumination unifor-
mity: (a) dipole illumination, and (b) annular illumination. The maxi-
mum coherence that achieves illumination uniformity greater than 97% is
calculated for each. The coherence factors for both types of illumination
are 0 = [0.4,0.7].

3.3. Coherent and partially coherent imaging

In the previous section, the influence of the spatial coher-
ence of the light field on the scattering effect was analyzed
in detail. In order to further investigate the changes in the
imaging effect under different spatial coherence, light fields
with different spatial coherence were selected, and field-of-
view imaging was carried out by annular illumination as an

example. The results are shown in Fig. 10.
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Fig. 10. The effect of coherence on field-of-view imaging. (a) Field-of-view pattern. (b) Ring-illuminated optical pupil. (c)—(f) Field-of-view

imaging with coherence from high to low.

Examining the results of the figure above, it is obvious
that the spatial coherence of the light field has a significant
effect on the field-of-view imaging. As the spatial coherence
decreases, the imaging pattern gradually tends to be consistent
with the original field-of-view pattern. This indicates that the
interference effect in the imaging process is weakened under
low coherence conditions, resulting in less distortion of the
image and a more uniform distribution of the light intensity.
The high coherence makes the interference phenomenon more

prominent, leading to a strong scattering effect and light inten-

sity undulation during the imaging process; the energy distri-
bution shows a large inhomogeneity, which in turn affects the
imaging accuracy and the reproduction of pattern details. Re-
ducing the coherence helps to mitigate these interferences and
allows the imaging system to better reproduce the details in the
field-of-view. Specific pattern-related analysis metrics will be
discussed in detail in the next subsection, which further reveals
the mechanism of the spatial coherence’s impact on the imag-
ing quality by quantitatively analyzing key parameters such as
line edge roughness (LER) and line width roughness (LWR).
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In optical imaging, LER is a critical parameter used to

measure the irregularities of edge lines in an image,
ticularly in photolithography. LER describes the local fluctu-
ations of a line’s edge, which arise from irregularities caused
by the optical system, mask defects, process variations and
other factors during the imaging process. LER can be mea-
sured using a high-resolution critical dimension scanning elec-
tron microscope (CD-SEM).3*! To obtain the LER, the local
positions of the line edge must first be measured at regular in-
tervals (denoted as A). LER is a measure of the irregularity of
edge lines, typically used to describe the extent to which the
edge deviates from the ideal straight line in space. It is usually
represented by calculating the root mean square (RMS) of the
deviations of edge points from the ideal line.[*>]

The second section introduced the imaging principles of
coherent, incoherent and partially coherent light. To study the
effects of coherence on imaging, we analyzed object imaging
at different coherence levels and calculated the LER, with the
results shown in Figs. 11 and 13.

-@-RMS (nm)

-
ot

RMS (nm)
-
o

o
o

o

0.8
Coherence J

Fig. 11. Imaging of mask and RMS under different coherences (annular
mode, Gy = 0.7, 63, = 0.4).

Coherence has a significant impact on the LER. Changes
in coherence directly affect imaging quality and the sharp-
ness of line edges. From the above figure, it can be observed
that as the coherence increases, the clarity of the spatial im-
age patterns decreases, and the corresponding LER decreases.
Partially coherent light typically has a broader spectrum and
greater spatial spread, which allows the light to ‘average out’

some of the minor irregularities introduced by the system or
materials during imaging. This results in smoother edges and
lower LER. In contrast, fully coherent light has stable phase
relationships, making it more effective at revealing all the sub-
tle irregularities caused by the system or materials. Therefore,
when imaging with fully coherent light, even the smallest de-
fects on the surface or mask are precisely captured in the final
image, leading to rougher edges and higher LER. The greater
the coherence, the greater the LER. This means that imaging
with high-coherence light results in more pronounced rough-
ness along the edges, whereas using partially coherent light
helps to reduce this roughness, resulting in smoother edges.

The peak signal-to-noise ratio (PSNR) is a commonly
used metric for evaluating image quality, measuring the ratio
between image signal and noise. It is typically used to assess
the performance of compression, denoising, or other image
processing algorithms, reflecting the similarity between the
processed image and the original image. The structural simi-
larity index (SSIM) on the other hand, is a perceptual-driven
metric for image quality evaluation, focusing on assessing the
similarity of images in terms of brightness, contrast and struc-
ture. Unlike the PSNR, the SSIM aligns more closely with
human visual perception of image quality.

We calculated the PSNR and SSIM for the imaging re-
sults above, as shown in Fig. 12. The results indicate that
when the coherence is 0, the PSNR values exceed 30 dB, sug-
gesting good image quality, while the SSIM values are close
to 1. As the coherence increases, both metrics decrease and
the images also reveal that the imaging quality becomes pro-
gressively blurrier.
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Fig. 12. PSNR and SSIM of imaging patterns under different coherences
(annular mode, ooy = 0.7, 6y, = 0.4).

Figures 11 and 13 reveal the impact of light source coher-
ence on imaging under two different modes. To further ana-
lyze the effect of coherence on illumination imaging, two ad-
ditional groups with different coherence factors were selected
under the dipole mode as control groups. As shown in Figs. 15
and 16, the line edge RMS of their imaging was calculated,
and the LER of all three imaging groups was compared, as
shown in Fig. 17.
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Fig. 13. Imaging of mask and RMS under different coherences (dipole
mode, Oyt = 0.7, 0, = 0.4).
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Fig. 14. PSNR and SSIM of imaging patterns under different coherences
(dipole mode, Oy = 0.7, 03, = 0.4).

From the curve in Fig. 17, it can be observed that when
the coherence level is the same, the larger the ring width, the
smaller the RMS value, resulting in lower LER and better
imaging quality. As the coherence increases, in addition to
the previously observed increase in the LER, the larger the
ring width, the slower the increase in the RMS value. This
indicates that it is less affected by spatial coherence, leading
to slightly better imaging quality. From the SSIM and PSNR
curves in Fig. 18, it can be observed that as the ring width in-
creases, under the same coherence level, both the SSIM and
PSNR values become larger, indicating better image quality.

The above results indicate that under the same illumina-
tion mode, different partial coherence factors lead to differ-
ent imaging outcomes. Compared to the other two groups,

the point light source distribution in group ¢ = [0.2,0.7] is

-@-RMS (nm) /

C ]

0.4 0.6
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Fig. 15. Imaging of mask and LER under different coherences (dipole
mode, Goyy = 0.8, 0, = 0.4).
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Fig. 16. Imaging of mask and LER under different coherences (dipole
mode, Goy = 0.7,6;, =0.2).
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Fig. 17. The impact of the partial coherence factor on the LER in dipole
mode imaging. The roughness is represented by the RMS value of the
line edge.

more dispersed. Under the same spatial coherence distribu-
tion, the average spatial coherence for o = [0.2,0.7] is lower
than that of o = [0.4,0.7] and o = [0.4,0.8] because the av-
erage distance between points is greater. Therefore, it is less
affected by spatial coherence, resulting in better imaging qual-

ity.
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LWR refers to the irregularities and fluctuations at the
edges of lines formed during etching or lithography in the
semiconductor manufacturing process. It is an important pa-
rameter for measuring process precision and product quality.
To further investigate the imaging quality, the imaging and
LWR at different line widths on the mask were calculated sep-
arately, as shown in Fig. 20.

As can be seen from the figure, LWR is related to the
line width on the object plane and the coherence of the light
source. As the coherence increases, the LWR of the imaging
pattern also increases, with smaller sizes being more sensitive
to changes in coherence. Among the imaging results at differ-
ent line widths, the larger the line width, the smaller the LWR.
Both the 30 nm and 20 nm line widths can achieve relatively
clear images with low LWR when the coherence is below 0.15.
However, the 10 nm line width, due to its smaller size, is more
susceptible to coherence effects, resulting in edge distortion
and the highest LWR among the three. The SSIM and PSNR
curves in Fig. 21 also support this conclusion.
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Fig. 18. The impact of the partial coherence factor on the (a) PSNR and (b) SSIM in dipole mode imaging.

. (d2)
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Fig. 19. Spatial images of different line widths under varying coherence levels. The three rows from top to bottom represent imaging results for
line widths of 30 nm, 20 nm, and 10 nm under different coherence conditions, respectively. Panels (a)—-(e) represent the imaging of three line

widths at coherences of 0, 0.15, 0.3, 0.5, and 1, respectively.
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Fig. 20. The impact on LWR under different line widths. The curve
represents the LWR of the imaging results. Red, blue and green respec-
tively represent the roughness results for line widths of 30 nm, 20 nm,
and 10 nm.
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Fig. 21. The impact on (a) SSIM and (b) PSNR under different linewidths.

4. Conclusion

FELs with high temporal and spatial coherence can im-
pact the uniformity of the illumination field and cause speckle
effects, therefore reducing image quality. Traditional models
often assume the light source is fully incoherent, neglecting
the effects of partial coherence on imaging. To address this,
this paper introduces a simulation method using random phase
and a model based on the mutual intensity propagation the-
ory to study imaging in the illumination field. The method
divides the beam into temporal and spatial coherence cells
and analyzes how temporal coherence affects spatial coher-
ence. Simulations are conducted to evaluate partially coher-

ent imaging at different spatial coherence levels, calculating
LER, LWR, PSNR and SSIM. Additionally, the LWR for var-
ious object-side line widths is examined. The study also looks
at speckle patterns caused by spatial coherence with differ-
ent pupil shapes and their effects on speckle contrast. The
results show that the speckle contrast increases with spatial
coherence. As temporal coherence cells increase, the speckle
effect diminishes. For uniform illumination, the spatial coher-
ence for two-pole and annular illumination should be below
0.72% and 0.5%, with corresponding speckle contrast values
of 0.76% and 0.5%. As the spatial coherence rises, the LER
and LWR decrease, improving the imaging quality. When the
coherence is 0, the PSNR values exceed 30 dB, suggesting
good image quality, and the SSIM values are close to 1. As
the coherence increases, both metrics decrease, and it can also
be observed from the images that the imaging quality becomes
progressively blurrier. The study finds that the pupil’s partial
coherence factor also affects the image quality, i.e., wider ring
widths yield better results. As the ring width increases, under
the same coherence level, both the SSIM and PSNR values
become larger, indicating a better image quality. At all three
line widths, increasing coherence results in a higher LWR in
the imaging patterns, with smaller line widths being more sig-
nificantly affected. Both the 30 nm and 20 nm line widths can
achieve relatively clear images with low LWR when the coher-
ence remains below 0.15. However, due to its smaller size, the
10 nm line width is more sensitive to coherence effects, lead-
ing to edge distortion and the highest LWR among the three.
Achieving higher precision imaging at such small line widths
will require further research and exploration in the future.
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