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Two-dimensional grating line parameter calibration

based on biaxial phase mapping
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Abstract: The two-dimensional grating serves as a critical component in plane grating interferometers for
achieving high-precision multidimensional displacement measurements. The calibration of grating groove
density and orthogonality error of grating grooves not only improves the positioning accuracy of grating in-
terferometers but also provides essential feedback for optimizing two-dimensional grating fabrication. This
study proposes a method for simultaneous calibration of these parameters using orthogonal heterodyne laser
interferometry. A two-dimensional grating interferometer is built with the grating to be measured, and a bi-
axial laser interferometer provides a displacement reference for it. The phase mapping relationship between
grating interference and laser interference is established. The interference phase information obtained by any
two displacements can simultaneously solve the above three parameters and obtain the grating installation er-
ror. The feasibility of the proposed method is verified by using a 1200 gr/mm two-dimensional grating. The
standard deviation of the grating groove density in the X and Y directions is 0.012 gr/mm and 0.014 gr/mm,
respectively. The standard deviation of the orthogonality error of grating grooves is 0.004°, and the standard
deviation of the installation error is 0.002°. Compared with the atomic force microscope method, the consist-
ency of the grating groove density in the X and Y directions is better than 0.03 gr/mm and 0.06 gr/mm, and
the orthogonality error of grating grooves is better than 0.008°. The experimental results show that the pro-
posed method can be simply and efficiently applied to the calibration of the grating line parameters of the

two-dimensional grating.
Key words: two-dimensional grating; grating line parameter calibration; grating groove density; orthogonal-
ity error of grating grooves
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1 Introduction

Precise displacement measurement is a pre-
requisite for ensuring stable operation and accurate
control of moving units in equipment such as integ-
rated circuit manufacturing apparatus, precision
computer control machine tools, and coordinate
measurement instruments'?. As a common basic
component, the positioning performance of a two-
dimensional(2D) worktable determines the proce-
ssing and detection quality of the equipment. More
specifically, lithography constitutes the cornerstone
of integrated circuit fabrication, emerging as one of
the most critical and technologically demanding
steps that require nanoscale precision control. Us-
ing the 193ArF immersion step-and-scan litho-
graphy machine as an example, to fabricate 32—
10 nm node chip, nanometer-level positioning ac-
curacy must be achieved within a 400-mm-wide
plane®.. Among the numerous planar displacement
measurement solutions that are available, the main-
stream options are laser interferometers™ and grat-
ing interferometers®™®. Grating interferometers use

the grating pitch as a reference, with the probe be-

doi: 10.37188/CO.EN-2025-0020

CSTR:32171.14.CO.EN-2025-0020

ing distributed vertically along the scale grating.
The spatial optical path does not vary with the stro-
ke. When compared with laser interference measure-
ments, the grating interferometer has a better ability
to avoid environmental interference, has a compact
layout, and is easy to integrate. As the core device in
a grating interferometer, the grating groove density
and the orthogonality error of grating grooves of the
2D grating will affect the pitch reference accuracy
of the 2D grating, thus fundamentally determining
its planar positioning performance. For example,
when a 1200 gr/mm 2D grating has a line error of
1 gr/mm, it will cause a displacement deviation of
80 um within a 100 mm measurement stroke. Addi-
tionally, when there is an orthogonality deviation of
20 " between the XY-direction grid lines, it will
cause a displacement deviation of 10 um within a
100 mm measurement stroke!. Therefore, determin-
ing how to calibrate the two error parameters above
accurately will be highly significant for optimiza-
tion of the 2D grating manufacturing process and for
accurate analysis of the planar positioning errors of
grating interferometers.

At present, the main methods used to measure

the basic parameters (e.g., grating groove density,
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orthogonality error of grating grooves) of grating
rulings are the atomic force microscopy (AFM)!*'
method, the optical diffraction method!"*'*! and the
laser interferometer comparison method"*'". The
AFM method calculates and acquires the grating
groove density information by recording images of
the number of periodic grids scanned by the probe
and determining the moving displacement!'**". Be-
cause of the large variations in the micro-morpho-
logy of the grating's periodic grids, methods such as

the centroid method®**

, and the Fourier analysis
method™! must be used in combination to improve
the reading accuracy of the periodic grids and thus
enhance the detection accuracy of the grating groove
density. After acquisition of the grating groove
density information for the grid lines in the two di-
mensions of the 2D grating and the grating groove
density information for the hypotenuse rulings, the
cosine theorem can then be used to determine the
orthogonality angle information of the XY-direc-

st However, because it is limited by

tion grid line
the point-by-point scanning measurement method
used by the AFM, it requires an extremely long time
for the measurement. Scanning a 1 mmx1 mm area
may take up to 600 h*1, thus making it difficult to
apply the AFM method to the calibration of large-
sized metrology gratings.

The optical diffraction method is based on the
grating equation. By recording the angular changes
that occur under self-collimated incidence condi-
tions for the zeroth-order light and the m-order dif-
fracted light using a high-precision turntable, the
grating groove density can be calculated indire-
ctly®™3!, Because the detection spot can cover thou-
sands of grid lines, the influence of grid pitch
nonuniformity on the grating groove density meas-
urements can be reduced because of the averaging
effect. However, the method can only measure the
average grating groove density within the area
covered by the spot and it cannot perform full-
format measurements on large-sized metrology grat-

ings. The National Institute of Metrology of China

developed a traceable measurement methodology
employing a high-precision rotary stage to mount a
two-dimensional grating. By leveraging optical dif-
fraction principles, researchers sequentially aligned
identical diffraction orders in orthogonal axes using
a position-sensitive photodetector, enabling nanora-
dian-level quantification of grating groove ortho-
gonality errors?®?. Because of the effects of the beam
alignment accuracy, the measurement standard devi-
ation for this method was 0.03°. The centroid align-
ment repeatability accuracy of the laser spot was the
largest error source in this method. To improve the
angular position alignment accuracy of the ortho-
gonal diffracted beams, Feng et al. from Tsinghua
University? used the interference fringes gener-
ated by diffracted beams of different orders to align
the periodic direction of the grating, and then meas-
ured the orthogonality angle errors of the grid lines
with an autocollimator. When measuring a 2D grat-
ing with a grid pitch of 1um, the standard deviation
was 0.28".

The laser interferometer comparison method,
which is characterized by high detection sensitivity,
a large measurement range, and traceability, can be
used to perform high-precision calibration of the
grating groove density. The laser interferometer and
the grating interferometer simultaneously detect the
displacement change in the scale grating. By taking
the value measured by the laser interferometer as the
reference true value and then recording the number
of interference fringes generated by scanning the
grating, the grating groove density information can
be determined directly by dividing the two values.
Xie et al. from Jinan University?, based on the
laser interferometer comparison method, main-
tained the phase stability of a measurement grating’s
interference field using interference fringe drift
feedback from the reference grating, and achieved
picometer-level resolution and ppm-level repeatabil-
ity during grating groove density measurements.
HsuP"! et al. fixed both the reference grating and the

measurement grating rigidly, used the laser interfer-
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ometer comparison method to calculate the refer-
ence grating groove density to eliminate installation
errors between the grating to be measured and the
motion stage, and then used the reference grating as
a displacement reference to acquire the grating
groove density of the grating to be measured. The
measurement error when compared with the refer-
ence grating was better than 1nm. The laser interfer-
ometer comparison method has also been used in the
calibration of 2D grating rulers. Dong Xinyuan from
Tianjin University"”® proposed a method that used a
biaxial orthogonal laser interferometer to calibrate
the planar positioning accuracy of a 2D grating
ruler, and also analyzed the effects of the straight-
ness error of the carrier stage and the grating install-
ation error on the calibration accuracy of the 2D
grating ruler. However, they did not consider the in-
fluence of the parameter errors (e.g., grating groove
density and orthogonality error of grating grooves)
of the 2D grating itself on the displacement meas-
urement results.

This paper proposes a method for simultan-
eous calibration of the grating groove density and
the orthogonality error of grating grooves of a 2D
grating. By using the grating to be measured as a
scale, a 2D grating interferometer is constructed. A
high-precision motion stage carries the grating to be
measured to perform planar motion. A biaxial ortho-
gonal laser interferometer is used to provide a dis-
placement reference benchmark for the 2D grating.
The laser interferometer and the grating interfero-
meter share the same heterodyne light source and
the same signal reception system to ensure the con-
sistency and synchronism of the measurement res-
ults. A mathematical correspondence relationship is
established between the grating interference phase
and the laser interference phase. Using the measure-
ment data acquired from two displacements of the
grating, the grating groove density, the orthogonal-
ity error of grating grooves error, and the grating in-
stallation error can be resolved simultaneously. Cal-

ibration experiments are conducted on multiple re-

gions within the 2D grating format to verify the
measurement performance of the proposed method.
The measurement accuracy of this method is veri-

fied via comparison with the AFM method.

2 Structure and principle of the two-
dimensional grating parameter cal-
ibration system

2.1 System optical path composition

The devices used in this system mainly include
reflector mirror (M), beam splitter (BS), polariza-
tion beam splitter (PBS), commercial interferometer
(10706B) and photodetector (PD). The overall op-
tical path structure of this system, which is shown in
Fig. 1 (color online), consists of two main parts: a
2D grating planar interferometer and a biaxial laser
interferometer (in the figure, green light rays repres-
ent the optical path of the laser interferometer, red
light rays represent the optical path of the grating
displacement measurement device, and orange light
rays represent the combined-beam interference op-
tical path). The orthogonally polarized laser light
emitted by the dual-frequency laser is split into two
parts after passing through beam splitter BS,. The
reflected light is refracted by M, and Mg and is then
incident on the Y-axis laser interferometer (com-
posed of 10706B, and M,), and the transmitted light
is incident on the X-axis laser interferometer (com-
posed of 10706B, and M,) after it passes through
BS,.

The measurement signals from the two groups
of interferometers and the reference signal built into
the laser are then analyzed by the data-processing
board to provide a true value for the displacement
reference for the 2D motion stage. The reflected
light that passes through BS, with the reflection of
M; and M; is then vertically incident on the 2D grat-
ing to be measured and undergoes diffraction. The
+1st-order diffracted light beams in the X-direction
are combined at PBS, after passing through M; and

M,. Following polarization by the integrated linear
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polarizer within the PD,, module, the beams gener-
ate interference patterns, with the resultant phase-
modulated signals being precisely captured through
PD,,. Similarly, the =lIst-order diffracted light

beams in the Y-direction are combined at PBS, after

gx-

passing through M;s and M. After these beams are

BS,

p

e AM;\'

polarized by the built-in linear polarizer, interfer-
ence occurs, and the resulting signal is received by
PD,,. The two groups of interference signals above
are then transmitted to the data-processing board to
be processed, and the grating interference displace-

ment information can then be obtained.

Fig. 1 Schematic diagram of the optical path structure of the calibration system

2.2 Principle of calibration for the 2D grating
parameters
According to the basic principle of laser het-
erodyne interference, the interference signal can be

expressed as:

Iy oc AT+ A3 +2A, Ay cos(Awt +Agy + ), (1)

where A is the amplitude, Aw is the angular fre-
quency difference between the beams of the dual-
frequency laser, Ag, is the initial phase difference
between the two light beams, and ¢, is the phase
change caused by the motion of the target object.
The interference phase changes in the X and Y dir-

ections can be expressed, respectively, as:

d7tny,;
= ——Ax (2)
@ 1 X
4 air
o= n: Ay (3)

where Ax and Ay are the displacement changes in
the measurement mirrors of the laser interfero-
meter in the 2D directions, n,; is the refractive in-
dex of air, and 4 is the wavelength of the laser
source.

The interference signal of the +1st-order dif-

fracted light beams from the grating interferometer

can be expressed as:

I, oc A + A% +2A,, A cos(Awt + Apy + ¢,), (4)

where ¢, represents the interference phase change
caused by the grating Doppler shift, and the phase
changes in the X and Y directions can be expressed

as follows:

0a = jo' UAfdi = dnp.Aa (5

0 = fotzm fydt =4np,Ab (6

where ¢, and ¢, are the phase changes of the grat-
ing interferometer in the X and Y directions. Aa and
Ab are the displacements generated by the 2D grat-
ing in the X and Y directions, respectively. Af, and
Afy are the frequency differences of the +1st-order
diffracted light generated symmetrically in the X
and Y directions, respectively. p, and p, are the grat-
ing groove density in the X and Y directions, re-
spectively, with units of grooves/mm ( gr/mm) rep-
resenting the number of grating lines per millimeter,
and the grating groove density is the reciprocal of

the grating pitch d.
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As shown in Fig. 2 (color online), when the 2D
grating undergoes a displacement within the plane,
because the grating interference signal is generated
when the laser cuts the grating lines vertically, the X
and Y measurement axes (green) of the grating in-
terferometer are oriented perpendicular to the Y-dir-
ection and X-direction grating lines (blue) of the
grating, respectively. Under the influence of the or-

thogonality error of grating grooves a and the grat-

ing installation error 6, an angular deviation occurs
between the measurement axes of the grating inter-
ferometer and the corresponding measurement axes
(yellow) of the laser interferometer. The relation-
ship between the displacement measured by the
grating interferometer and the displacement meas-

ured by the laser interferometer is given by:

Aa| | cos(@+a) -sin(@+a) |[Ax N
Ab| sinf )

cosé Ay

Fig.2 The influence of orthogonality error of grating grooves error and grating installation error on displacement measure-

ment

The interference phase corresponding to the

o]

€))

diffracted light can be expressed as:

Pa p.cos(@+a) —p,sin(6+ @)
=4n .
© pysind pycosf

Analysis of the equation above indicates that
the unknowns are the grating installation error 6, the
orthogonality error of grating grooves a, and the
groove densities p, and p, in the X and Y directions,
respectively. Because the number of unknowns is
greater than the number of equations, it is not pos-
sible to obtain a direct solution. Therefore, at least
one more displacement must be introduced to solve

for these four parameters, and we have the follow-
ing:

@ = 4mp, [Axcos(8+a) — Aysin(@ + )]
@, = 4mp, (Axsiné + Aycos6) (9)
¢, =4mp, [Ax cos(0+a)— Ay sin(@+a)]

@, = 4np, (Ax'sin@ + Ay’ cos 6)

By solving the system of equations above in

combination with equations (2) and (3), the grating

installation error 6, the orthogonality error of grat-
ing grooves a, and the groove densities p, and p, can

be expressed successively as follows:

9=arctan(w) , (10)
Qoxsob - ‘px<pb
azarctan(w)—e , (1D
0,0, — @8,
NairPa
= - , 12
P = Alg.cos(@+a)— g, sin(@+a)]
nair(;ah
, = - (13>
=3 (¢, sind+ ¢, cos )

3 Experiment and results

The experimental setup is illustrated in Fig. 3
(color online). Both the grating interferometer and
the laser interferometer use the same dual-fre-
quency laser (5517D, Keysight) with an operat-
ing wavelength of 632.8 nm and a frequency differ-
ence of 2.4 MHz as their light source. A self-de-
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veloped 2D grating with a grating groove density of
1200 gr/mm, as shown in Fig. 3(c), was measured.
This grating was fabricated using holographic ex-
posure technology, with a diffraction efficiency of

more than 15%, a surface roughness of better than

0.2A@632.8 nm, and dimensions of 80 mmx80 mmX
10 mm. A high-precision planar displacement stage

(L-731, PI) carries the grating and the measurement

mirror to enable movement.

Fig. 3 Experimental device photographs. (a) Layout of the 2D grating interferometer; (b) layout of the laser interferometer;

(c) 2D grating

To ensure that the measurement axes of the
laser interferometer are coplanar with the surface of
the grating to be measured as far as possible and
thus reduce the Abbe error, metal bases of the same
height were designed and processed to fix the X and
Y-axis laser interferometer components. Because
the single board can only detect three signals, in-
cluding the laser reference signal, two data proce-
ssing boards (N1230A and N1231B, Keysight) are
used to cooperate with PD (10780F, Keysight) to
achieve synchronous triggering, and four measure-
ment signals are obtained at the same time, which
ensures the real-time synchronization of the meas-
urement. During the experiments, the entire meas-
urement device was placed on an air-floating optic-
al platform to reduce the effects of environmental
vibrations on the final measurement accuracy.

3.1 Steadiness test

First, the stability of the system was evaluated.
During the experiment, the displacement stage re-
mained stationary. The grating interferometer and
the laser interferometer collected interference sig-
nals continuously at a sampling rate of 500 Hz for

60 s and transmitted these signals to the board for

the displacement calculations. Two environmental
monitoring devices were deployed for comprehens-
ive parameter logging: a Fluke Networks L586A
sensor for temperature tracking and a Vaisala
PTU300 tri-parameter probe simultaneously record-
ing barometric pressure, relative humidity. The re-
corded values were then substituted into the modi-
fied Edlen®” empirical formula to correct the air re-
fractive index. Within 60 s in the measurement en-
vironment, the Peak to valley(PV) value of the tem-
perature change was measured to be £0.1 °C, the PV
value of the pressure was £50 Pa, and the PV value
of the humidity change was +1%.

According to the deviation results from the
four-channel interferometers shown in Fig. 4 (color
online), the displacement deviations of the four-
channel interference signals caused by the unstable
measurement environment were 11.2 nm, 9.2 nm,
7.5 nm, and 7.7 nm. In the measurement range of
5 mm, this is equivalent to grating groove density
errors of 4.48x10°° gr/mm in the X-direction and
4.06x10°° gr/mm in the Y-direction. The corres-
ponding orthogonality error of grating grooves er-

ror was approximately 0.6". Because the magnitude
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of these three numbers is very small, their influence
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Fig. 4 Stability test result. Values measured by (a) the X-direction laser interferometer and (b) the Y-direction laser interfero-

meter. Measured values from (c) the X-direction grating interferometer and (d) the Y-direction grating interferometer

3.2 Orthogonality measurement of dual-axis laser

interferometer

In this experiment, a biaxial laser interferomet-
er was used to provide the true displacement values
in the X and Y directions for the 2D displacement
stage. When the two measurement axes are not or-
thogonal, the displacement in the X-axis direction
will introduce an additional displacement compon-
ent into the Y-axis measurement optical path, and
vice versa. This seriously affects the measurement
accuracy for the grating groove density and ortho-
gonality error of grating grooves. To ensure the
measurement accuracy, a high-precision planar dis-
placement stage was used to calibrate the ortho-
gonality of the biaxial laser interferometer. The

displacement in the Y-direction when the planar

displacement stage moves along the X-axis and the
displacement in the X-direction when the stage
moves along the Y-axis were measured. Then, based
on the trigonometric function relationship, the or-
thogonal angle of the biaxial interferometer was cor-
rected.

During the experiments, the displacement stage
was made to move by 5 mm along the X and Y dir-
ections at a speed of 1 mm/s. The interference sig-
nals from the biaxial laser interferometer were re-
corded continuously and transmitted to the data ac-
quisition module to allow the phase change to be
converted into displacement values. Figure 5 (color
online) shows the measurement results acquired
after averaging the experimental data from five ex-

perimental runs.

@ 900 v . . . n® r - r
7 5
720
71
750 70 g 4
695 ¥ 4 -
690) o
685
600 [ 639 a
670) 3 = 1100111011201 13011401150116011701 180 -
s 0054715420 4.25 4.30 435 4.40 4.45 4.50 4.55 =
£ 450 1 E
=~ =
ot 4
300 F g
Date Date
— Fitting line 1k — Fitting line J
150 | 95% Confidence band 7 95% Confidence band
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0 " " A M " 0 L . . L . L
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x/mm x/nm

Fig. 5 Linear fitting results for plane displacement platform movement along (a) the X-axis and (b) the Y-axis
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The least-squares method was used to process
the measurement data from the two axes for linear
fitting. The angles between the two fitted lines and
the coordinate axes were obtained based on the
slopes, and the angular deviations in the X and Y
directions were determined to be 34.2616” and
54.3372", respectively.

3.3 Measuring the impact of regional differenti-
ation

It can be seen from Formula (9) that in the cal-
ibration system, the grating must be displaced at
least twice in order to simultaneously determine
the grating groove density, orthogonality error of
grating grooves and grating installation error. Wh-
en the 2D grating moves within the grating plane,
the reading change in the grating scale is only re-
lated to the number of grating lines that the grating
has moved across, and it is independent of the
movement path. Therefore, during the experiment,
the grating is moved first in the X-direction and
then in the Y-direction. The data acquired from
these two movements are then used as a calculation
data set.

To verify the effects of the different measure-
ment regions of the grating used in these experi-
ments on the grating groove density measurement
results, the displacement stage is driven to move
five times at a speed of 0.1 mm/s in both the X and
Y directions, starting at the origin and stepping over
areas of Imm? each time. For each step, the data are
collected six times. The six data sets are then substi-
tuted into equation (9) to perform the calculations,
and the differences among the calibration results for
the grating groove density at the different positions
are compared. The data comparison is shown in
Fig. 6 (color online). The center line of the box-plot
represents the average of the six measured values
from the grating groove density measurements in
the two main periodic directions. The length of the
box-plot represents the standard error for the confid-
ence level of the average of the measured values.

The whisker lines shown above and below the boxes

represent the standard deviation ranges of the meas-

ured values.

1200.3

—-—The mean line of p, (e
1200.2 }----The mean line of p, o,
1200.1

1200.0

1199.9

Groove density/(gr/mm)

1199.8

1 1 99.7 1 1 L 1 1
0~1 1~2 2~3 3~4 4~5

Position/mm

Fig. 6 Grating groove density measurement results

These results show that within the measure-
ment range from 0—5 mm, the standard deviation of
the grating groove density in the X-direction is
5.55x107 gr/mm, and the corresponding value in
the Y-direction is 4.43x10* gr/mm. This is equival-
ent to introduction of an angular deviation of ap-
proximately 1.7" into the measurements of the in-
stallation error and the orthogonality error of grat-
ing grooves. The overall impact on the measure-
ment results is negligible, however.

3.4 Detection of grating groove density and the or-
thogonality error of grating grooves

To allow the grating groove density and the or-
thogonality error of grating grooves error of the 2D
grating to be measured, the displacement stage
moves within the 0—5 mm range during the experi-
ments at a speed of 0.1 mm/s. Similar to the previ-
ous measurements, the grating is moved first in the
X-direction and then in the Y-direction. The data
from these two movements are then used as a calcu-
lation data set, denoted by (x,,),).

An overall full-format evaluation is conducted
in the form of the grid shown in Fig.7 (color online),
which is more in line with an actual application
scenario for the metrological 2D grating. Data col-
lection is performed according to the displacements
for the nine different distances listed in Tablel, and
the data for each displacement are collected six
times.

The six data collected in the X-direction and



416

FEDEE (hgEso

#19%

the six data collected in the Y-direction for each dis-
placement are grouped in pairs. Through permuta-
tion and combination processes, 36 calculation data
sets are obtained. These data are then substituted in-
to equation (9) to perform the required calculations
to average out the influence of the errors and im-
prove the accuracy of the final calculation results.
Figure 8 (color online) shows the 36 sets of calcula-
tion results that were obtained from each displace-

ment measurement, along with their average values.

The results obtained from the nine different dis-
placements were averaged again, and the final meas-

urement results are listed in Table 1.

) (x4’ y4)

(x "y
) (06, 1,) 323

Fig. 7 Schematic diagram of the measurement path

Tab.1 The solution results of the parameters to be measured

(e ) o) a(°) px(gr/mm) p,(gr/mm)
(1,5) 0.48016 -1.07329 1199.99228 1199.90331
2,5 0.48820 —1.08118 1199.99563 1199.904 66
3.,5) 0.484 96 -1.078 12 1200.02361 1199.904 13
4,5) 0.486 69 -1.07981 1200.029 64 1199.90443
(5,9 0.48652 -1.07963 1200.01899 1199.90439
5.4) 0.48654 -1.07839 1200.01872 1199.87662
(5,3) 0.48653 -1.07917 1200.018 89 1199.88735
(5,2) 0.486 68 —1.06947 1200.01681 1199.88468
5,1 0.48653 -1.07342 1200.01767 1199.87282

Average value 0.48587 -1.07694 1200.014 69 1199.89360
Standard deviation 0.002158 0.003702 0.01171085 0.01322980
= Date ® Average
@ 5 _ a0 ' ' T L & 4 & a4
% E 0.485 r Ll - - - T e P
% 5 0480 | B
= L
— 0.475 - 1 1 1 1 1 1 1 1
L35 25 G5 &5 6.5 649 63 6.2 6D
Position/mm
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£ 1063 F > 3
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&8 £1200.010 F .'. "./".'__ lﬂ—’—‘—H E
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Fig. 8 Data solution results. (a) Grating installation error; (b) orthogonality error for the grating lines; (c) X-direction grating

groove density; (d) Y-direction grating groove density
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The experimental results show that the installa-
tion error measured via this method is 0.48587°,
with a standard deviation of better than 0.003°.
The orthogonality error of grating grooves is
—1.07694°, with a standard deviation of better than
0.004°. The X-and Y-direction groove densities are
1200.01469 gr/mm and 1199.8936 gr/mm, and their
standard deviations are better than 0.012 gr/mm and
0.014 gr/mm, respectively.

3.5 Contrast experiment
To verify the accuracy of the measurement res-

ults, the calibration results for the grating groove

50 pm

50 pm

density and the orthogonality error of grating
grooves were compared with those obtained by the
AFM method for the same grating. The measure-
ment principle used is to filter the raster data ob-
tained by scanning and then determine the grating
pitch by calculating its spatial frequency within
the frequency domain™. Figure 9(a) (color online)
shows a 512 pixelx512 pixel 2D grating raster im-
age obtained using an atomic force microscope
withina 50 umx50 pm range at a sampling fre-

quency of 0.3 Hz.

Fig. 9 The AFM image and data acquisition schematic diagram of 2D grating. (a) Measured images of AFM; (b) data acquisi-

tion

At the same time, to determine the orthogonal-
ity error of grating grooves of the 2D grating, data
collection must be performed in the manner shown
in Fig. 9(b) (color online). Then, by substituting the
average grating pitches in each direction obtained
after Fourier transformation, which are denoted by
dx, dy, and dxy, into the cosine theorem, the ortho-
gonality characteristics of the 2D grating can be cal-
culated.

During the verification process using the AFM
method, the orthogonality error of grating grooves
and the grating groove density were measured by in-
tercepting and measuring the data within five differ-
ent rectangular regions with dimensions of 10 pmx
10 um, and the results are shown in Table 2. The ex-
perimental results prove that the orthogonality error
of grating grooves measured via the AFM method is
—1.0735°, with a standard deviation of better than
0.003°. The groove densities in the X and Y direc-

tions are 1200.0189 gr/mm and 1199.9277 gr/mm,
and the corresponding standard deviations are bet-
ter than 0.017 gr/mm and 0.018 gr/mm, respect-

ively.

Tab.2 The results of the measurement of the 2D grat-

ing calibration area

Measuring field a(®) p.(gr/mm) p,(gr/mm)
1 -1.07126 1200.03871 1199.943 67
2 -1.07313 1199.99825 1199.92325
3 —1.07493 1200.01830 1199.92155
4 —1.07138 1200.007 81 1199.94672
5 —-1.07653 1200.03141 1199.90339
Average value -1.07345  1200.01890 1199.92771
Standard deviation  0.002284  0.016573373  0.017786239

When the results obtained by the AFM method
are compared with those measured by the method

proposed in this paper, as the results shown in
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Fig. 10 (color online), the differences in the grating
groove density are 0.0042 gr/mm and 0.034 gr/mm
inthe X and Y directions, respectively, and the dif-
ference in the orthogonality error of grating grooves
is 0.00349°. In addition, the consistencies of the

1200.06

1200.04 4
_1200.02 E E
E -
% 11200.00 W », with standard deviation (10)
g,” 1199.98 4  Comparison: (1 200.014 69+0.011 7)gr/mm
%\ 1199.96 4 AFM: (1 200.018 90+0.016 5)gr/mm
= . L
[} 1 O p, with standard deviation (lo)
-g 1199.94 Comparison: (1 199.893 60+0.013 2)gr/mm T
§ 1199.92 4 AFM: (1 199.927 71+0.017 8)gr/mm J_
S 1199.90 T

1199.88 -+

1 199.86 A

1 1 1 1

Comparison ~ AFM Comparison  AFM

groove densities in the X and Y directions are better
than 0.03 gr/mm and 0.06 gr/mm, respectively, and
the consistency of the orthogonality error of grating

grooves is better than 0.008°.

-1.060
@ o with standard deviation (lo)
—1.065 4 Comparison: (—1.076 94+0.003 702)°
AFM :(—1.073 45+0.002 284)°
—1.070 -
< -1.075 - I
s
s
g, —1.080
19)
E — -
5 1.085
—1.090 ~
—1.095 -
-1.100 L L

Comparison AFM

Fig. 10 Comparison of results for the two measurement methods. (a) Comparison of grating groove density measurement res-

ults; (b) comparison of orthogonality error of grating grooves error results

The possible reasons for the differences bet-
ween the measurement results obtained by the two
methods are discussed as follows. First, the meas-
urement range of the laser interferometer is much
greater than that of the atomic force microscope. As
a result, the average effects represented by the meas-
urement results from the two methods are different.
Second, there may be minor undulations and/or con-
taminants on the sample surface. These factors can
affect the shapes of the interference fringes or the
contact and the interaction force between the AFM
probe and the sample surface, thus causing slight

deviations in the measurement results.

4 Conclusion

This paper presents a method to perform simul-
taneous calibration of the grating groove density and
the orthogonality error of grating grooves of a 2D
grating using a heterodyne orthogonal laser interfer-
ometer. Calibration experiments were conducted on
a self-made 1200 gr/mm 2D grating in the laborat-
ory. The standard deviations for the grating groove

density in the X and Y directions were better than

0.012 gr/mm and 0.014 gr/mm, respectively, and the
standard deviation for the orthogonality error of
grating grooves was —1.07694° with a standard de-
viation of less than 0.004°. The AFM method was
combined with the Fourier analysis method to veri-
fy the accuracy of the proposed method. The con-
sistencies of the grating groove density in the X dir-
ection and Y direction were better than 0.03 gr/mm
and 0.06 gr/mm, respectively, and the consistency
of the orthogonality error of grating grooves was
better than 0.008°. At present, the technique pro-
posed in this paper only calibrates gratings with a
grating groove density of 1200 gr/mm. In future
work, the optical path structure will be improved by
increasing the adjustment freedom of the turning
mirror to meet the calibration requirements of grat-
ings with different groove densities. In addition, this
paper only uses a method based on well-posed equa-
tions to solve for multiple parameters. Subsequently,
an over-determined equation system will be con-
structed in future work based on multiple displace-
ment measurement data to reduce the impact of the
grating pitch uniformity error on the calibration ac-

curacy.
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