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Abstract: Focusing technique is the key factor in improving the resolution of projection li-
thography. In order to achieve high accuracy of focusing on the nanometer level, we
present a focusing method based on dual-channel light intensity modulation. Two super-
posed grating fringes are formed with a phase difference of �=2. The shift of the wafer
can be resolved by the phase variation of corresponding fringes. The conventional focus-
ing method with light intensity modulation is influenced by disturbing effects such as fluc-
tuations of the light intensity and stray light. These adverse factors are overcome by the
signal ratio of two channels with the same optical components. The focusing accuracy in
our experiments is ±8 nm.

Index Terms: Focusing, gratings, lithography, fringe analysis.

1. Introduction
In the last 20 years, optical projection lithography technology experienced 193 nm lithography,
immersion lithography, and double patterning and is developing toward Extreme Ultraviolet Li-
thography (EUV) with wavelength of 13.5 nm. The resolution of lithography is correspondingly
improving from 32 nm to 22 nm, and toward the lower 14 nm node [1]–[4]. However, the im-
provement of resolution is at the expense of decreasing the depth of focus (DOF). The wafer
surface fluctuating caused by vacuum adsorption and resist thickness farther shorten the DOF.
At present, even though using off-axis lighting wavefront engineering technology, the DOF of
the projection lithography equipment is only hundreds of nanometers [3]–[6]. In order to ensure
the quality of exposure pattern, a high accuracy measuring scheme for focus detection system
is requested.

In the early stage optical, focusing usually employ the slit photometric focusing method [7],
[8], which was limited by the serious dependence of slit image quality and image processing al-
gorithm, and the focus accuracy was only hundreds of nanometers and could only apply to the
early lower precision lithography. Afterwards, the focusing technique based on laser interference
[9], [10], which was characterized by high focusing accuracy, emerged. Nevertheless, the multi-
layer interference effects between resist films and the fragile environment adaptability seriously
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impeded its application as a lithography tool. Recently, moiré fringe technology [11]–[13], which
is produced by using two gratings with close periods, was introduced into wafer focusing. Its ac-
curacy at the nanometer level and well technical adaptability make this method be a promising
backuép focusing scheme. However, the Talbot effects of grating self-image would cause a de-
crease in the moiré fringe contrast, as well as some negative impacts on experimental debug-
ging. At present, the main focusing method is still based on light intensity modulation, which is
easy to realize and of high precision [14]. However, focusing accuracy can be influenced by the
disturbing effects like fluctuations of light intensity, stray light, and so on.

To overcome the adverse factors above mentioned, a focusing method based on dual-channel
superposed grating fringe intensity modulation is presented. The method not only inherits the ad-
vantage of easy realization and high precision from the conventional method [14] but eliminates
the influences from disturbing effects like fluctuations of light intensity and stray light as well. In
this paper, we derive the feasibility of the focusing method in theory. Then, we simulate and ana-
lyze the influential factors. Finally, the experimental system is set up and the experimental results
show that the accuracy of our focusing system is within 8 nm.

2. Principle
This method based on dual-channel superposed grating fringe intensity modulation is shown in
Fig. 1. At a large incident angle ð�Þ, the Grating Mark (G1) is projected onto the surface of the
wafer, reflected, and divided into the first transmitted light and the second transmitted light.
Subsequently, the image of G1 is projected onto the Grating Tests (G2 and G3) again, forming
the superposed grating with G2 and G3, respectively. The optical paths of CH1 and Ch2 are
same. The parallel-plates (P1 and P2) are introduced into the Channel I (CH1) and Channel

Q
(CH2) in order to form phase difference of �=2 between the superposed grating of G1G2 and the
superposed grating of G1G3. The photo detectors (PD1 and PD2) measure the amount of light
transmitted by the superposed grating G1G2 and G1G3, respectively. Moving the wafer up or
down will shift the position of the image of G1 on the G2 and the G3. Consequently, the light in-
tensity on two detectors will change. The focus position of the wafer can be calculated by the ra-
tio of the detector signals.

The telecentric optical systems (L1 and L2) make sure that the image of the G1 is imaged on
the Grating Tests. The photoelastic modulator as a high-frequency carrier increases the system
performance by resisting interference and noise. The light source illuminates on the G1 with col-
limated lights ðIinÞ. The optical components are analyzed with Jones matrix [15], [16] here. Since
the CH1 and the CH2 use the same optical components, we only need to analyze CH1. CH2
can be deduced by CH1. In CH1, the IPD1 is sheared into two beams by SAVART plate, namely,

Fig. 1. Diagram of superposed grating dual-channel focusing scheme.
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ordinary light ðIoð�xÞÞ and extraordinary light ðIeð�xÞÞ with mutual orthogonality. The light inten-
sity after the G3 is expressed as [17], [18]

Ioð�xÞ ¼ kIin
2

1
4 þ 2

�2
cos 2�ð�x�sÞ

p

� �� �
1þ sin�ðtÞð Þ

Ieð�xÞ ¼ kIin
2

1
4 þ 2

�2
cos 2�ð�xþsÞ

p

� �� �
1� sin�ðtÞð Þ:

8<
: (1)

k 2 ½0; 1� is the beam splitter reflectivity, �x is the shift position of the image of G1, 2 s is the
shearing of Savart plate, p is the period of the gratings, and �ðtÞ ¼ �sinð2� ftÞ=2, which is the
phase difference between photoelastic modulator and the incidence light beam.

Because the detector cannot distinguish the polarization of beams, the received energy is the
sum from all received beams. The light intensity detected by the PD1 is expressed as

IPD1 ¼ Ioð�xÞ þ Ieð�xÞ

¼ kIin
2
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þ 4
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Based on (2), there are two terms containing the shearing s, but only the second term is af-
fected by photoelastic modulator. Obviously, the detected light intensity has the best signal
noise ratio, when the first term cos ð2�s=pÞ is 0. Therefore, when the s ¼ p=4, (2) can be ex-
pressed as

IPD1 ¼ kIin
4

þ 2kIin
�2 sin

2��x
p

sin�ðtÞ: (3)

Without regard to direct current, the signal of the PD1 is rewritten as

IPD1 ¼ 2kIin
�2 sin

2��x
p

sin�ðtÞ: (4)

The phase difference between CH2 and CH1 is �=2 formed by the parallel-plates. Therefore,
the signal of the PD2 is expressed as

IPD2 ¼ 2ð1� kÞIin
�2 sin

2��x
p

þ �

2

� �
sin�ðtÞ: (5)

If the transmitted light energy is equally divided by the beam splitter, that is, k ¼ 0:5, accord-
ing to (4) and (5), the shift ð�xÞ of image of G1 is

�x ¼ p
2�

arctan
IPD1
IPD2

� �
: (6)

Based on the grazing incident beam method, the �x is induced by the vertical move ð�Z Þ of
the wafer in this scheme. �x ¼ �Z � sin2�=cos� ¼ 2�Z � sin� as shown in Fig. 1, where � is
the incident angle with respect to the surface of the wafer. As a result, the change in the height
of the wafer is expressed as

�Z ¼ p
4�sin�

arctan
IPD1
IPD2

� �
: (7)

The shift height of wafer can be calculated by solving arc tangent of the signals detected by
two detectors. This scheme changes one channel into two received channels with the same op-
tical components and introduces the adjustable parallel-plates forming the phase difference of
�=2, which effectively eliminates the fluctuations of the light intensity by the ratio IPD1=IPD2.
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3. Simulation
To confirm the validity of this scheme, we simulated the signals of two detectors with the �x
increasing at a constant amount. The signals do not include the output direct current signal.
The simulated results and the corresponding envelope signals of PD1 and PD2 are shown in
Fig. 2(a) and (b), respectively. The period of grating p is 25 �m. The phase difference is �=2.
Therefore, the changing of two signals takes on sine curve and cosine curve with the �x in-
creasing, respectively. The arc tangent of signal ratio between the two detectors is shown in
Fig. 2(c). The curve periodically changes with the �x increasing, and the period is 12.5 �m
(p=2); the influence factors within one period is typical. Without considering the influence of
other factors such as environmental temperature, the shift in height of the wafer can be obtained
from the ratio between the signal of PD1 and the signal of PD2. Therefore, the accuracy of the
arc tangent of the signal ratio directly determines the accuracy of the focusing system.

3.1. The Influences of Random Noise
Fig. 3(a) is the signal with 10% random noise with the shift x in steps of 0.05 �m. The 10%

random noise is defined as the ratio of 10% between maximal amplitude of random noise and
the maximal amplitude of the signal (IPD1 or IPD2). The IPD1 and IPD2 take noise of uniform distri-
bution independently. Fig. 3(b) is the corresponding envelope signal of Fig. 3(a). The smooth
envelope curve is obtained by a band-pass filter. The mathematical form is rect ððf � f0Þ=wÞ,
where f is the frequency of filter, f0 is the center of filter, and w is the bandwidth. The arc

Fig. 2. (a). Signals of the two detectors with the shift in 0.05 �m step. (b) Corresponding envelope
waveform of Fig. 2(a). (c) Arc tangent of signal ratio between the PD1 and the PD2.

Fig. 3. (a) Signals of two detectors with 10% random noise. (b) Corresponding envelope waveform
of Fig. 3(a). (c) Arc tangent of signal ratio between the PD1 and the PD2 in one grating period.
(d) Absolute errors between arc tangent of signal ratio without noise and arc tangent of signal
ratio with noise.
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tangents of signal ratio without noise and with noise are shown in Fig. 3(c). The simulation shows
that the red curve and the black curve almost overlap together. The arc tangent of signal ratio is
linear affected by the �x . As a result, an inconspicuous change in the arc tangent of signal ratio
is correlated with a distinct vertical move of the wafer. The absolute errors between arc tangent
of signal ratio without noise and arc tangent of signal ratio with noise are shown in Fig. 3(d). The
absolute errors fluctuation within 3:0� 10�4 rad in one period range between 12.5 and 25 �m
and the RMS error is 8:86� 10�5 rad.

The RMS errors with random noise of 15%, 20%, and 25%, are 8:8� 10�4 rad, 3:2� 10�3 rad
and 5:4� 10�3 rad, respectively. The absolute error increases with the increase of the ratio of
random noise. Fig. 4(a) is the signal with 25% random noise with the shift x in 0.05 �m step.
The absolute errors between arc tangent of signal ratio without noise and arc tangent of signal
ratio with noise are shown in Fig. 4(d). According to (7), the RMS error caused by random noise
of the focusing system will exceed 10 nm until the signal with 25% random noise. The simula-
tion results prove that the focusing method has a very good ability to resist noise.

3.2. The Influences of Light Intensity Fluctuations
The fluctuation of light intensity caused by the fluctuations of the light source or reflectance of

the wafer surface is the major error source for focusing system. We simulate the intensity fluctu-
ations by superposition the random amplitude with variance of 0.1 and the Iin, and compare the
absolute errors with the Iin. The signals with 10% random noise are shown in Fig. 5(a) and (b),

Fig. 4. (a) Signals of two detectors with 25% random noise. (b) Corresponding envelope waveform
of Fig. 4(a). (c) Arc tangent of signal ratio between the PD1 and the PD2 in one grating period.
(d) Absolute errors between arc tangent of signal ratio without noise and arc tangent of signal
ratio with noise.

Fig. 5. (a) Signals of the two detectors with the constant light intensity. (b) Signals of the two detec-
tors with the fluctuating light intensity. (c) Absolute errors with the constant light intensity and the
fluctuating light intensity.
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respectively, when the light intensity is the Iin and the Iin superposed random amplitude. The Ab-
solute errors transform with the �x are shown in Fig. 5(c).

The absolute errors with different intensities fluctuate within 3:4� 10�4 rad ranges between
12.5 �m and 25 �m. The RMS error with the constant light intensity and the fluctuating light in-
tensity are 8:86� 10�5 rad and 9:06� 10�5 rad, respectively. The results show that the influ-
ence of the light intensity fluctuations is eliminated. The important source of absolute errors is
the random noise. That is, this focusing method has strong anti-jamming capability and high
precision.

4. Experimental Results and Discussions
In order to verify our analysis mentioned above, an experimental system for the focusing scheme
is set up as illustrated in Fig. 6. The incident light is generated by collimating the LED illumination
source with main wavelength 530 nm, spectral bandwidth 30 nm and optical power 0.86 mW.
The photoresist-coated wafer is fixed on a piezoelectric translator (PZT, the resolution, and
stroke are 2 nm (closed loop) and 150 �m, respectively).

The PZT is used for the defocusing control. The G1 is projected onto the surface of wafer at
the incident angle 86°, and is reflected and modulated by the photoelastic modulator (HINDS)
with the wavelength 632 nm and the modulation frequency 50 kHz. Then, the transmitted light is
divided into two beams. The image of G1 with G2 and G3 forms the superposed gratings. The
thickness of Savart plate is 6.06 mm. The PD1 and PD2 measure the amount of light transmit-
ted by the superposed grating. The periods of G1, G2, and G3 are both 25 �m and the lenses
L1 and L2 have the same magnification (×1). The system's NA is 0.02. The phase difference
formed by the P1 and P2 is 88°. The voltage values of CH1 and CH2 are shown in Fig. 7(a),
where the PZT produces wafer displacement from 3 �m to 40 �m in 0.05 �m steps. In addition,
the experiment with fluctuations of light intensity is carried out by attenuating the light source to
80%. The results are shown in Fig. 7(b).

When the PZT produces wafer displacement from 10 �m to 20 �m in 0.1 �m steps, the abso-
lute errors between the focusing results and PZT displacement are shown in Fig. 8. The maximal
errors, the mean absolute errors and the RMS errors with the light source unattenuated and the
light source attenuated to 80% are 7.89 nm, 2.1 nm, 2.83 nm, 7.93 nm, 2.48 nm, and 3.11 nm, re-
spectively. The negligible errors may be from environmental disturbance, algorithm error and
PZT step error. The results show that the small amount of attenuation on the light intensity does
not influence the measured height.

5. Conclusion
The focusing method based on dual-channel superposed grating fringe intensity modulation for
projection lithography is presented. The shift height of the wafer is calculated by solving the arc

Fig. 6. Experimental setup conducted according to the schematic in Fig. 1.
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tangent of the signal ratio of the two detectors, and the major error sources such as fluctuations
of the light intensity and stray light, which affect the accuracy of the focusing system, are elimi-
nated. This method is verified with via simulation and experiment, and strong anti-jamming ca-
pability and accuracy of the nanometer level are achieved. This new method is suitable to be
used in high-precision project lithography.
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