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Abstract.  The coherent-noise level in projection images of an opaque-
screen sharp edge, formed in the model scheme of photolithography 
system at different degrees of spatial coherence of screen-illuminat-
ing light is studied experimentally. The spatial coherence of laser 
radiation was reduced by applying a specially developed device, 
used as a separate functional unit in the system model. The smooth-
ing of the spatial fluctuations of radiation intensity caused by the 
random spatial inhomogeneity of the initial beam intensity in the 
obtained images is shown to be highly efficient.
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1. Introduction 

It is well known that, in order to reach the resolution limit in 
projection schemes of image formation, for example, in pro-
jection lithography, one must optimise (at a specified wave-
length of object-illuminating light and objective numerical 
aperture) many optical parameters of the imaging system 
components, including the characteristics of illuminating light 
[1 – 5]. In particular, the spatial distribution of light intensity 
in the object plane is homogenised and the degree of light spa-
tial coherence is optimised. The purpose of these operations is 
to obtain uniform illumination of image elements and their 
high contrast in the detection plane. The necessity for equalis-
ing the illuminance is as follows. Modern projection litho
graphy systems (steppers and scanners) use and, obviously, 
will use in the nearest future (in immersion lithography) [6 – 8] 
laser sources generating beams that are characterised by a 
narrow time-frequency spectrum and generally have spatially 
nonuniform (Gaussian) intensity distribution. In addition, a 
typical feature of these beams is spatial intensity fluctuations, 
which are caused by the spatially nonuniform reflectance of 
the laser cavity mirrors [9]. Nonuniform illuminance in the 
image plane can also be caused by the so-called speckle-noise 
[10], which is the result of light scattering from random ampli-
tude and phase inhomogeneities of the optical elements of the 
lithography system and air (or immersion-liquid filled) gaps 
between the components of the system. The level of this noise 

is determined by the degree of spatial coherence of the light 
used to record an image. Nonuniform illumination of image 
elements leads to nonuniform illumination of the recording 
medium and defects in the image developed. The allowable 
deviation of the illuminance distribution in the plane of sub-
micron- and nanometer-resolution images from the uniform 
distribution is ~2 % [11].

Transformation of the spatial structure of laser beams and 
variation of their spatial coherence in lithography systems are 
performed using special devices, which are placed between the 
radiation source and condenser [11]. The main requirements 
for these devices are high operating speed and minimal varia-
tions in the temporal coherence of light. Currently, there are 
many different designs of converters of coherent and spatial 
characteristics of light, and most of them are applied in mod-
ern lithography systems [12, 13].

The degree of spatial light coherence can be efficiently 
transformed for short times using devices based on delay lines 
[14 – 16]. They reduce the spatial coherence as a result of form-
ing a set of independent light sources (spatially coherent modes) 
by splitting the initial laser beam into partial components, 
time-shifted with respect to each other by intervals equal to or 
exceeding the coherence interval. An advantage of this tech-
nique for transforming light coherence is the absence of time 
frequency shift, which is characteristic of the conversion 
schemes based on time modulation of the spatial radiation 
phase. Among the coherence-conversion schemes that are pro
mising for EUV projection lithography, we would select the 
delay line proposed in [17, 18]. Its advantages are the minimum 
absorption loss (because spatially coherent modes are formed 
by a system of mirrors) and the possibility of synthesising sec-
ondary sources of different shape (for example, in the form of 
arc, quadrupole, etc.) to improve the spatial resolution.

In this paper, we report the results of the experimental 
study of the coherent (speckle) noise smoothing efficiency in 
the projection images formed in the model scheme of photo
lithography system, with light spatial coherence varied by a 
device incorporated into the system as an individual element.

2. Optical scheme of the photolithography model

We investigated the efficiency of noise suppression in test-
object images recorded with application of a decoherence 
device in the recording scheme. To this end, we developed an 
experimental setup, whose optical scheme is shown in Fig. 1.

The light optical characteristics and the main structural 
components of the scheme are described below. The light 
pulse energy at the wavelength l = 266 nm was ~25 mJ. The 
modulus of the degree of temporal coherence of the light is 
shown in Fig. 2.
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The delay line ( 5 ) consists of two groups of mirrors for 
splitting the initial laser beam into a set of partial beams with 
approximately equal intensities. The distance between the 
mirrors is chosen so as to provide a temporal shift of light 
beam pulses with respect to each other by a value either equal 
to or exceeding the coherence time of the initial light. The 
beam intensities were equalised using mirrors with a variable 
reflectance at a specified wavelength. The number of effective 
spatially coherent modes formed at the delay line output, 
which determine the degree of light spatial coherence, can be 
written as [17] 
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where P ( )
eff
0  is the effective number of spatially coherent light 

modes at the input of the delay line; In is the individual beam 

intensity; and 'n ng t t-^ h  is the modulus of the degree of 
temporal coherence between the beams with numbers n and 
n', in which light pulses are shifted with respect to each other 
by the time interval tn – tn’ . In the limit 'n ng t t-^ h  ® 0 and 
In = In’, we have Peff = P

( )
eff
0 p, where p is the number of beams 

at the delay line output. The delay line ( 5 ), in combination 
with the lens ( 6 ) and random phase modulator ( 7 ), form a 
device aimed at suppressing coherence and homogenysing the 
initial laser beam for a time on the order of the pulse width. 
Spatial beam-phase mismatch was implemented using a quartz 
plate, one of the surfaces of which had a small-scale random 
corrugation.

The test object ( 9 ) was projected onto the image plane 
using the objective ( 10 ) (Binar-266, NPO Planar, Belarus), 
which is designed for the radiation wavelength l = 266 nm 
with a minimum resolution of 0.8 mm. The objective numeri-
cal aperture was 0.4, and its rear focal length was 8 mm. Since 
there are no radiation detectors with a spatial resolution below 
0.8 mm, the test-object image was constructed on an enlarged 
scale. To this end, the test object was located practically in the 
focal plane of the objective, behind which the lens ( 11 ) was 
placed to form its image at a finite distance. A thin opaque 
screen with a sharp edge played the role of the test object ( 9 ). 
The screen image was recorded by the linear ССD camera 
( 12 ) with a minimum spatial resolution of ~14 mm.

3. Results of analysing the coherent noise level 
in the test-object images formed in partially 
coherent light

The screen image was recorded under illumination by light 
with different degrees of spatial coherence, which was varied 
by placing diaphragms of different diameter in the laser cavity 
and changing the number of delay-line beams forming the 
secondary source. The degree of light spatial coherence was 
estimated from the number of effective spatially coherent 
modes Peff in the expansion of the spatial cross-correlation 
function of light intensity in eigenvalues and eigenfunctions 
[19, 20]. For a Gaussian cross-correlation function the Peff 
value is related to the light coherence coefficient C = r/a (r is 
the light coherence length and a is the light beam radius in the 
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Figure 1.  Optical scheme of the setup for recording images with partially coherent light: 	
( 1 ) coherent-light source (pulsed solid-state Nd : YAG laser), ( 2 ) light frequency converter into the fourth harmonic ( l = 266 nm), ( 3, 4 ) system of 
rotating mirrors, ( 5 ) delay line, ( 6 ) lens for forming secondary-radiation source, ( 7 ) randomly inhomogeneous phase plate, ( 8 ) condenser lens, 
( 9 ) test object, ( 10 ) projection objective, ( 11 ) lens, and ( 12 ) linear CCD camera.
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Figure 2.  Dependence of the modulus of the degree of temporal coher-
ence of light |g| on the light-beam path difference Dl. 
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illumination plane) as follows: Peff = 1 + 2/C2 [21]. The num-
ber of spatially coherent light-beam modes can be determined 
by estimating the ratio of the standard deviation of intensity 
fluctuations, g, to the mean light intensity áIñ in the intensity 
distribution, which can be detected behind a random phase 
modulator with a Gaussian statistics of phase inhomogene-
ities, placed in the beam [22]. In this case, 

Peff = 1/K 2,	 (2)

where K = g/áI ñ is the so-called speckle contrast.
The optical-image quality is characterised by the two main 

parameters: frequency-contrast characteristic of the image-
forming system and the signal-to-noise ratio in the image [23]. 

In coherent optics the degree of image noisiness is character-
ised by the inverse signal-to-noise ratio, which is referred to as 
the contrast (speckle) noise. The noise is assumed to be equal 
to the rms value of intensity fluctuations in the image of the 
illuminated parts of the object, and the signal is considered as 
the mean intensity. It follows from relation (2) that in the case 
of Gaussian statistics of spatial fluctuations of light phases in 
the noise field the noise contrast is determined by the number 
of spatially coherent modes forming this noise.

Figure 3a shows the intensity distribution in the image of 
an opaque screen with a sharp edge, formed under illumi
nation with l = 266 nm, in the absence of the delay line ( 5 ), 
lens ( 6 ), and phase modulator ( 7 ) (Figure 1), but with a 
1.5-mm diaphragm placed in the laser cavity. One can see a 
sharp increase in intensity directly after the unilluminated 
area in the screen image. This increase is due to the light dif-
fraction from the screen edge. The illuminated area in the 
screen image plane exhibits large-amplitude spatial fluctua-
tions of light intensity, which are due to the spatial inhomo
geneity of light illuminating the screen. The noise contrast 
was measured to be 0.26. To estimate the number of spatially 
coherent modes involved in image formation, we recorded a 
screen image under illumination by the same light, transmitted 
through the random phase modulator ( 7 ) (see Fig. 1). This 
image is shown in Fig. 3b. The speckle-noise contrast in the 
illuminated part was measured to be 0.6. Accordingly, the 
number of spatially coherent modes in the initial light is ~3.

In the next experiment the light beam from the frequency 
doubler was directed to the delay line. Eighty one partial 
beams were formed at the output of the delay line, and the 
optical path of each beam exceeded that of the previous beam 
by Dl. The length Dl was chosen so as to minimise the modu-
lus of the degree of temporal coherence between neighboring 
beams. As can be seen in Fig. 2, this distance is ~2.5 cm. The 
beams were focused by the lens ( 6 ) onto the plane of the 
phase modulator ( 7 ) (Fig. 1) to form a secondary source, the 
light from which was transferred by the lens ( 8 ) to the plane 
of screen ( 9 ). The phase modulator converted the wavefronts 
of partial beams into the wavefronts with different spatial 
phase distributions. The screen-edge image obtained under 
secondary-source illumination is presented in Fig. 4a.

It can be seen that the general view of the image spatial 
structure is the same as in Fig. 3a, i.e., it exhibits a diffraction-
induced sharp increase in intensity and intensity fluctuations 
in the illuminated screen area. However, the magnitude of 
these fluctuations is smaller than in Fig. 3. The noise contrast 
is ~ 0.13. The level of intensity fluctuations is reduced because 
the number of spatially coherent modes in the light illuminat-
ing the screen increases with a decrease in the degree of spatial 
coherence. Noise smoothing involves two mechanisms: time 
orthogonalisation of the partial light beams (formation of 
independent spatially coherent light sources), which is per-
formed by the delay line, and spatial orthogonalisation of 
their wavefronts at the beam passage through the phase mod-
ulator at different angles. In this case, the result of wavefront 
addition in the screen plane is similar to the well-known aver-
aging effect during detection of spatial fluctuations of laser 
beam intensity, induced by a rotating phase modulator placed 
in the beam [19].

The high noise contrast in the screen image obtained in 
this experiment is explained by high residual temporal coher-
ence of the light beams emerging from the delay line. Figure 2 
shows that the temporal coherence between the beams is 

'n ng t t-^ h  ~ 0.3 at Dl = 2.5 cm. In this case, the number of 
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Figure 3.  Intensity distributions in the images of the sharp edge of a 
screen, obtained under illumination by light with Р (eff

0) = 3, emerging 
from a frequency doubler (a) and transmitted through a randomly 
inhomogeneous phase plate (b). 
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effective spatially coherent light modes illuminating the screen 
is Рeff =~ 59.

To reduce even more the secondary-source spatial coher-
ence in the scheme under consideration, we removed the dia-
phragm from the laser cavity. Figure 4b shows the intensity 
distribution in the screen image for this situation.

It can be seen that an increase in the number of spatially 
coherent modes in the light illuminating the screen leads to 
effective smoothing of intensity fluctuations in the screen 
image. The residual-noise contrast is ~0.05 and Рeff =~ 400. 
For comparative estimation of the degree of uniformity of the 
spatial intensity distribution in the screen image obtained in 
this case, Fig. 5 shows the intensity distribution in the image 
recorded in incoherent light at Peff ® ¥. The source of incoher
ent (white) light was a 4603LXHLME1C LED (LUXEON). 
The observed nonuniformity of intensity distribution in the 
illuminated area of the screen image is caused by the spatial 
inhomogeneity of the energy sensitivity of individual CCD 
pixels. The contrast of this ‘noise’ was measured to be 0.03. 
This value can be considered as the relative error in measuring 
(by linear CCD camera) the noise contrast in the images formed 
in partially coherent light in the photolithography scheme under 
consideration.

4. Conclusions 

The estimation of the speckle-noise contrast in the images of 
a sharp edge of opaque screen, formed in the model scheme of 
photolithography system, is indicative of effective smoothing 
of spatial intensity fluctuations that are caused by the spatial 
inhomogeneity of the initial light intensity. Light can be 
homogenised by decreasing its spatial coherence using the 
specifically developed light-decoherence device. Another advan-
tage of this device is that it can be used to form sources of 
complex shape for off-axis illumination of photomask in 
order to increase the spatial resolution of the image-recording 
scheme.
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Figure 4.  Intensity distributions in the images of the sharp edge of a 
screen, obtained under illumination by light transmitted through the 
delay line ( 5 ) at Р (eff

0) = (a) 59 and (b) 400. 
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Figure 5.  Intensity distribution in the image of the screen sharp edge,  
obtained under illumination with incoherent light.
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