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Abstract: The grating interferometer in the Littrow configuration uses quarter wave plates
(QWPs) to modulate the polarization in the measurement system to determine the autocollimation
optical path. Fabrication errors and mounting errors of the QWPs lead to phase changes in
the grating interferometer that generate measurement errors. As an alternative, we propose a
grating interferometer that produces conical diffraction. Using the grating instead of QWPs to
modulate the beam’s polarization bypasses this source of error. A 45 mm range experiment was
performed that yielded a repeated measurement error of 40 nm. Experiments show that the system
has a simple structure and good repeatability and is capable of high-precision displacement
measurements.

© 2022 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

As an instrument measuring displacement, the grating interferometer has advantages of high
precision, high resolution, and good environmental adaptability. Its areas of applications include
semiconductor manufacturing, precision processing, advanced optical component manufacture,
and biomedicine [1–8]. The grating interferometer can achieve sub-nanometer accuracy in
position measurements, and its environmental requirements are less than those for the laser
interferometer.

To achieve a higher resolution, a grating with a greater line density is needed. The incidence of
the light in the grating interferometer changes gradually from the vertical to the Littrow incidence
[9,10]. With the Littrow incidence, polarized light can be used in measurements to improve
energy utilization and contrasts in interference signals. Further research has been performed on
various aspects such as optical path innovation, error correction, and integration [11,12]. Hu and
colleagues [13] used a spatial separation structure to separate beams of different polarization
states and frequency states in the optical path to eliminate nonlinear errors incurred in the
processing of optical elements and frequency mixing. Zhang and colleagues [14–16] used the
similar structure to measure the interference signal independently and decouple the interference
signal to realize measurements in both the X and Z dimensional. Siaudinyte and colleagues [17]
developed a reading head using optical fiber coupled to a polarization beam splitter (PBS) and
realized displacement measurements employing multiple reading heads. Gao Wei and colleagues
[18,19] used a two-dimensional grating to realize three-dimensional displacement measurements
with nanometer resolutions.

However, in the Littrow configuration, a quarter wave plate (QWP) is needed to modulate
the polarization state of the beam. The QWP is set 45° to the optical axis, and hence both the
incident light and diffracted light pass through the QWP twice. The polarization state of the beam
changes 90° and the measured beam exits from the other side of the PBS. However, inaccuracies
in fabrication and installation of the QWP affect the optical axis and hence the phase of the
interference signal that generates measurement error. In studies of a laser interferometer, yaw
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errors and ghost reflections appear with the QWP, both of which produce measurement error
[20,21]. Although the principle underlying the grating and laser interferometers are similar, the
QWP in the grating interferometer also generates measurement error.

In this paper, a high-precision grating interferometer is proposed that exploits conical diffraction
to modulate the beam. A measured beam is incident on the grating surface at specific incident
angle and azimuthal angle. Its diffracted light used for the measurement is modulated by the
grating and becomes polarized. This measured diffracted light is reflected vertically by a reflector
and returned to the grating along the original path to undergo secondary conical diffraction. This
second diffracted light propagates along the initial incident path and is emitted from the other side
toward the signal processing system through the PBS. The setup for conical diffraction reduces
the number of QWPs and eliminates measurement error incurred through errors in manufacturing
and installation of the QWPs. Experimental results show that the system has good repeatability
and good measurement accuracy after calibration.

2. Measurement principle

2.1. Conical diffraction theory

For a given angle between the cross section of incident beam and the direction of the groove line,
the cross section of the diffracted light at each diffraction orders forms another angle with the
groove line after being modulated by the grating. At this instant, the diffracted light of each order
is separated spatially, producing what is referred to as conical diffraction.

In the setup (Fig. 1), light of wavelength λ is incident on the grating surface at incident polar
angle θ and the incident azimuthal angle φ; the grating has a groove depth h, a groove width τ,
and grating periodicity Λ. The reflection, modulation, substrate layer, and transmission regions
are labeled 1 through 4.

Fig. 1. Schematic of the setup for conical diffraction.

Because the grating is anisotropic in the direction of the groove line and the vertical direction
of the groove line, the conical light beam, when incident on the grating, can be regarded as a
superposition of P- and S-polarized light that obey a certain geometric relation expressed as the
grating equations for conical diffraction [22,23]; specifically,

nl sin θj cos ϕj = sin θ cos ϕ + j
λ

Λ
(1)

nl sin θj sin ϕj = sin θ sin ϕ (2)



Research Article Vol. 30, No. 2 / 17 Jan 2022 / Optics Express 691

where j indexes the order of the diffracted light. In accordance with the rigorous coupled-wave
analysis (RCWA) [24], the diffraction efficiency for conical diffraction is expressed in the form

DErj = |Rs,j |
2Re(

k1,zj

k0n1 cos θ
) + |Rp,j |

2Re(
k1,zj/n1

2

k0n1 cos θ
) (3)

DEtj = |Ts,j |
2Re(

k3,4,zj

k0n1 cos θ
) + |Tp,j |

2Re(
k3,4,zj/n3

2

k0n1 cos θ
) (4)

which describes diffracted light containing S- and P-polarization components. Because the
grating surface has a coating, only the reflection component, Eq. (3), is considered for which RS ,j
denotes the S-polarization component of the diffracted light of order j, and RP,j the P-polarization
component. The S and P components contain a part of the diffracted light, which is not a line
polarization state. Hence, the grating modulates the polarization state of the incident light. The
efficiency and phase of the diffracted light in conical diffraction were analyzed. Combined with
the polarization produced by PBS, the grating under conical incidence reproduces the effect of a
QWP.

2.2. Grating interferometer setup

The setup of the grating interferometer producing conical diffraction is shown in Fig. 2. After
passing through the PBS, the laser beam emitted from the laser is divided into transmitted
P-polarized light and reflected S-polarized light. Taking the P-polarized light (purple) as an
example, the transmitted P-polarized light is incident on the grating via the reflective mirror
2 at an incidence polar angle of 45° and an azimuthal angle of 45°. Subsequently, first-order
diffracted light is emitted at a specific azimuthal angle and diffraction angle; the zero-order
reflected light is colored blue. The reflective mirror 3 is perpendicular to the first-order diffracted
light in purple light, and the second diffracted light returns to the PBS along the incident light
path. Because of the modulation function of the grating for conical diffraction, the polarization
state of the diffracted light after two diffractions transforms into an elliptically polarized state;
hence, part of the diffracted light is reflected by the PBS and sent toward the signal processing
system. Similarly, the reflected S-polarized light (marked in red in Fig. 2), diffracts twice along
a similar path that changes the polarization state, and is transmitted from the PBS toward the
signal processing system. In summary, the two paths followed by the diffracting light beam are
(refer to Fig. 2):

Measurement beam (Red): Laser-PBS-RM1-Grating-RM3-Grating-RM1-PBS;
Measurement beam (Purple): Laser-PBS-RM2-Grating-RM4-Grating-RM2-PBS.

Fig. 2. Grating interferometer setup for conical diffraction (RM: reflective mirror, PBS
polarized beam splitter).
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Because the spatial angle of the symmetrically diffracted light is not consistent, combining the
two diffracted beams via reflective mirror is difficult. Therefore, reflective mirror 3 and reflective
mirror 4 are perpendicular to these symmetrically diffracted lights. The reflected diffracted light
becomes the incident light undergoing a second diffraction. The twice-diffracted light propagates
along the path of the first incident light and then passes through the PBS from the other side and
is sent to the signal processing system.

When the grating moves, the phases of the two measuring beams—here denoted by Φ1 and
Φ2—change, which from the Doppler shift and grating equations are expressed as:

Φ1 = 2 ×
4π sin θ
Λ

∆x (5)

Φ2 = 2 × (−
4π sin θ
Λ

∆x) (6)

There are two coefficients in these expressions that arise from the two diffractions that occur
in this setup. Moreover, from these expressions, a relation between the phase change in the
interference signal and the grating displacement can be obtained; specifically, we have

∆x =
Λ

8π
(Φ1 − Φ2) (7)

That is, after two diffractions, the system realizes a four-fold optical subdivision of the groove
width.

3. RCWA simulation

3.1. Diffraction efficiency simulation

The RCWA [25]—a semi-analytical method for solving scattering from periodic structures—is
used to analyze the data obtained from various diffraction gratings. The simulation conditions
are as follows: the analysis wavelength is 632.8 nm, the polar and azimuthal angles of incidence
are both 45°, the aluminum film is plated, and the line density is 1800 gr/mm. The diffraction
efficiency of the beam after two diffractions is analyzed. Because the polarization state of the
beam changes in conical diffraction, the diffraction efficiency of the P- and S-polarization states
need to be calculated after each diffraction, and the diffracted light in conical diffraction includes
changes in amplitude and phase. A complex amplitude of the diffracted light after each diffraction
is added, and the diffraction efficiency is calculated using the added complex amplitudes. Each
component is recorded as DEp-p-p, DEp-p-s, DEp-s-p, DEp-s-s, DEs-p-p, DEs-p-s, DEs-s-p,
and DEs-s-s. As an example, DEp-p-p represents the P component of the P-polarized incident
light, the first diffracted light, and the second diffracted light. Because the PBS is used for
polarization splitting, we need for the interferometry DEp-p-s and DEp-s-s as the S component
and DEs-p-p, DEs-s-p as the P component. In actual measurements, these two components need
to be consistent to ensure a strong contrast in the interferometry signal.

The results of the analysis are listed in Table 1. After PBS splitting, DEp-p-s and DEs-p-p
account for the largest proportion of energy, and their diffraction efficiencies are approximately
the same. The contrast in the interference signal received at the receiver is also good. That is, the
conical diffraction occurring in the grating acts as a beam polarization modulator.

Given the installation error during assembly, a non-ideal situation is analyzed. Setting the
polar and azimuth angles of incidence to between 40–50°, a simulation analysis of each grating
type—binary, sinusoidal, trapezoidal, and triangular—is performed. Results are presented in
Fig. 3 and Fig. 4.

Besides, we also analysis that duty cycle of grating. Results show as Fig. 5. From figure,
though Fig. 5(b), Fig. 5(c) and Fig. 5(d) look like different, the ratio of P-diffraction efficiency
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Table 1. Diffraction efficiency of different polarization states in different grating groove.

Grating type DEp−p−s DEp−s−s DEs−p−p DEs−s−p

Binary 0.0445 5.0275e-4 0.0446 5.0374e-4

Sinusoidal 0.01472 1.6975e-4 0.0148 1.7157e-4

Triangular 0.0077 7.2934e-5 0.0077 7.2942e-5

Trapezoidal 0.0155 9.1371e-5 0.0155 9.1253e-5

Fig. 3. Dependence of the diffraction efficiency on the azimuthal angle of incidence, for
various grating types.

Fig. 4. Dependence of the diffraction efficiency on polar angle of incidence, for various
grating types.
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Fig. 5. Dependence of the diffraction efficiency on duty cycle, for various grating types.

and S-diffraction efficiency is near constant. So, duty cycle does not influence the quality of
interference signal. Due to this result, the grating parameters can choose for the best diffraction
efficiency.

These results of simulation show that when the grating interferometer parameters change,
includes incident angle, azimuth angle, duty cycle of grating, the diffraction efficiency also changes.
However, the efficiency ratio of the P- and S-polarization states are almost unchanged after the
PBS. In this instance, the grating with the higher diffraction efficiency is more advantageous in a
measurement system.

3.2. Workbench error simulation

When the worktable has pitch (yaw), the incident polar (azimuthal) angle of the grating changes
(Fig. 6). Because the polarization state of the grating changes and the phase of the light beam
changes in conical diffraction, the phase change induces a change in the incident condition,
which in turn affects the accuracy of the interferometry system. To analyze the influence of
the installation deviation and table deflection on the system, the influence of deflections and
straightness of the table on the conical diffraction measurement system is analyzed. The phase
change of the two measuring beams is analyzed by setting the range over which the polar and
azimuthal angles of incidence change: specifically, 0–1° in steps of 0.01°. From Section 3.1, the
energy of one of the two components of the P or S state is much greater than that of the other,
and hence the phase of the component with the higher energy is analyzed.

From Table 2, when the incident angle of the grating changes by 1°, the phase changes by 0.02
rad. Given the relationship between the change in phase and the displacement measurement, the
change in displacement is 0.45 nm. When the azimuthal angle of the grating changes, the phase
changes by 0.01 rad and the displacement changes by 0.23 nm. The system is less affected by the
table pitch and straightness.
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Fig. 6. Workbench errors: (a) pitch (b) yaw.

Table 2. Influence of the polar and azimuthal angles of incidence on displacement for various
groove conditions.

Grating type
Azimuthal angle

Phase change (rad)

Azimuthal angle
Displacement
change (nm)

Polar angle Phase
change (rad)

Polar angle
Displacement
change (nm)

Binary 0.0112 0.2483 0.0256 0.5656

Sinusoidal 0.0016 0.0356 0.0206 0.4553

Triangular 0.0011 0.0252 0.0199 0.4398

Trapezoidal 0.0129 0.2852 0.0201 0.4441

4. Experiment

4.1. Experiment setup

In the setup, (Fig. 7), a dual-frequency laser operating at a wavelength of 632.8 nm and a
frequency difference of 2.4 MHz is used as the light source. The setup includes a motorized
linear stage (XML210-S, Newport), the grating, and two mirrors aligned to the grating at a polar
angle of 45° and an azimuth angle of 45°. The grating is an 1800gr/mm planar holographic
grating with a trapezoidal groove of size 50 mm× 25 mm× 10 mm. The point of incidence is
located at the longitudinal center of the grating; its diameter is 3 mm. Two plane mirrors with
vertical reflecting surfaces are set on the ±1 diffraction line, and a cable of signal receiver is set
on the other side of the PBS. As a reference, a laser interferometer (LI) from Keysight is used to
provide standard displacement data, and use a reflective mirror as measuring mirror (Mirror-LI).

After completing the setup, the diffraction efficiency of the measurement system is tested, and
the energy of the total incident light, P-polarized light, S-polarized light, P-polarized diffraction
light and S-polarized diffraction light is measured (see Table 3).

Due to double diffraction in measuring path, it is difficult to measure each P-/S-polarized
light energy in diffraction path. We define the equivalent diffraction efficiency as the ratio
of the P-/S-polarized energy at receiver and the P-/S-polarized energy after PBS, our RCWA
analysis and energy measurement all follow this definition. The equivalent diffraction efficiency
of P-polarized light is 1.52%, and that of S-polarized light is 1.5% (from Table 3), which is
consistent with the RCWA simulation results (see Fig. 3. and Fig. 4.).
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Fig. 7. Setup for the conical diffraction grating interferometer.

Table 3. Energy testing of the grating interferometer.

Energy (µW)
Total incident energy 80

P-polarized light 38

S-polarized light 40

P-polarized diffraction light 0.58

S-polarized diffraction light 0.6

4.2. Displacement experiment

Taking into account the actual position of the spot on the grating surface, the actual range of
motion is 43 mm, and multiple round-trip tests of the motion are carried out. The speed of the
test is 1 mm/s, the time for a single round-trip is 43 s, and a 500-ms delay is set between each
round-trip. The results are represented in Fig. 8.

For Abbe error [26], because of the standard data from laser interferometer, we use data from
laser interferometer to decrease the data from grating interferometer, then fix the differences’
slope. Next, we use the difference to decrease the data from the slope multiply the standard
data. In this step, we remove the abbe error. The last difference we called residual error. The
residual measurement error (Fig. 9(a)) after removing the Abbe error is obtained from repeated
measurement data yielding an error of 200 nm (3σ). However, the repeatability of multiple
measurement results after removing the Abbe error remains the same. From our previous work
[27], the main source of error stems from grating processing, which is classified as systematic
error. Therefore, the error is fitted and included as a compensation value in the displacement data.

The error obtained from the repeatability study is fitted in accordance with the average interval
of the segment, and then the curve after fitting is compared with the original residual error, red
line in Fig. 9(b). The residual error after subtracting the fitting (Fig. 10(a)) has a standard error of
33nm (3σ). The error stems from workbench vibration and disturbances in the environment. In
Fig. 10(b)., we do experiment going forward and going backward, and use fit curve in Fig. 9(b).
to correct, so there are two displacement error matching with on laser interferometer data. The
repeated residual error (see Fig. 10(b)) is 45 nm (3σ).



Research Article Vol. 30, No. 2 / 17 Jan 2022 / Optics Express 697

Fig. 8. Displacement test.

Fig. 9. (a) Repeatability testing and (b) fitted curve of the displacement data.

Fig. 10. (a) Residual error and (b) repeated residual error for the displacement error.
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5. Conclusion

The conical diffraction grating interferometer proposed in this paper uses a grating to modulate
the polarization, so that the polarization state of incident pure-polarized light is changed. The
light is then split by a PBS to enable interferometry to be performed. The measurement error
incurred from processing and installing of a QWP is reduced. A mirror is used to reflect the
diffracted light vertically to realize a second diffraction, which improves the optical subdivision
ratio and ensures a more precise optical path. RCWA is used to analyze the P- and S-polarization
components in the interference signal. For different grating types, the energy for S-polarization
is consistent with that for P-polarization and is also consistent when installation errors of the
optical elements are taken into account. Because of the change in polarization state, the phase of
the beam also changes. This change in phase affects in turn the measurement error. Through our
analysis, for incidence azimuthal and polar angles of 1°, the phase change incurred by the change
in angle is 0.01 rad and 0.02 rad, respectively; the change in displacement is 0.23 nm and 0.45
nm. A conical diffraction grating interferometer was built and tested. Its range in measurement is
43 mm. An analysis of the measurement results showed good repeatability for the measurement
system. After removing the repeatability error, the random error is 45 nm. After correction, the
conical diffraction grating interferometer displays good repeatability and good measurement
accuracy.
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