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According to the principle of phase-shifting interferometry and spiral phase characteristics of the vortex beam, this article proposes a
method for detecting the surface profile of a transparent object, in which the +1 order vortex beam is generated by a spatial light
modulator and is taken as the reference light. The influence of the nonlinear phase modulation characteristics of the spatial light
modulator on the measurement precision is studied. The results show that nonlinear phase modulation has a great impact on the
measurement. Then, the vortex lights with initial phases of 0, /2, 71, and 371/2 are used to measure the H-type thin film sample based
on the Twyman-Green interference system after correcting the nonlinear phase modulation characteristics. The experimental results
show that the measurement error of the surface profile to an object with the theoretical value of 20 nm is 1.146 nm, and the feasibility

of the optical vortex phase-shifting technique used to measure the surface profile of an object is verified.

1. Introduction

The new structured light carrying orbital angular momentum
(OAM), also known as vortex beam due to its spiral phase
structure and phase singularity, is one of the research focuses in
optical domain [1-3]. The optical orbital angular momentum
theoretically provides an infinite multidimensional orthogonal
basis, which can be used for information coding [4] and optical
communication [5-7]. Based on its special interference and
diffraction characteristics, the research on the OAM detection
of the optical communication receiving end is ongoing [8-10].
Vortex light is also effectively used in other fields, such as
optical capture [11], superresolution microscopic imaging [12]
and measurement [13, 14].

Taking into account the beam quality, conversion efficiency,
production cost, and flexibility has always been the goal pursued
by the generation of vortex light fields. There are many optical
elements used to generate optical vortices, such as spiral phase
plates (SPPs) [15, 16], DOEs [17], and optical fibers, among
which the preparation and characterization of SPPs have been

extensively studied [18, 19]. In the survey field, vortex beams can
be generated by the spatial light modulator (SLM) which can
perform precise phase-shift operations [20-22]. Combining
vortex light phase shift technology and phase unwrapping
technology, noncontact, high-resolution, and wide-range
measurement applications can be realized, such as micro-
deformation, microdisplacement, and refractive index of ma-
terials [23]. Sun et al. proposed a new method for in-plane
displacement measurement of objects by applying optical vortex
phase-shifting into speckle measurement with the speckle in-
terference principle [24]. In addition, Zhang et al. introduced
elliptical vortex lens into phase-shifting image-plane digital
holography and measured a test target and the multiplaner focal
spots of Taiji lens [25]. Meanwhile, Wang et al. measured the
three-dimensional refractive index of special optical fibers based
on optical vortex-shifting digital holographic microscopy [26].
On the other hand, in the field of surface measurement,
Masajada et al. used an optical vortex interferometer to detect
the quality of samples by scanning the surface of samples with a
focused vortex beam and reported a new method of inspecting
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deep microstructures manufactured in transparent media [27].
Serrano-Trujillo et al. presented a common-path interferometer
based on the phase singularity of optical vortex beam, which can
detect an average surface depth of 179 nm [28].

In this study, a Twyman-Green interferometer is built on
the basis of the vortex phase-shifting interferometry principle,
and the surface profile distribution of the film sample is
measured. By analyzing the nonlinear modulation of SLM
which generates vortex beams, the vortex beam with nonlinear
phase distribution is simulated, and the results show that the
error of measurement results is proportional to the degree of
nonlinear phase modulation. Before and after placing the
sample in the beam path, four pairs of interferograms between
vortex beams and plane waves are recorded by the CCD camera,
respectively. Then, phase unwrapping is performed on the
acquired images to obtain the three-dimensional structure
distribution of the sample. From the measurement results, it can
be proved that the vortex beam phase shift technology is feasible
in the field of nanometer-scale surface profile measurement.

2. Theoretical Analysis

As a real-time optical information processing device, the
spatial light modulator can generate vortex beams quickly
and accurately. Here, the expression of ideal vortex beams
generated by the liquid crystal spatial light modulator is
given by the following formula [29]:

Ep = Ag exp(ilO)exp (ig,), (1)

where Ay is the amplitude of vortex beams, I is the topo-
logical charge, 0 is the azimuth angle of the vortex beam
along the vortex axis, and ¢, is the initial phase.

The complex amplitude expression of the plane wave is

Eo = Ap exp (ip,), (2)

where A, and ¢, are the amplitude and the initial phase of
the plane wave, respectively.

By changing holograms of SLM, the phase distribution is
changed, so phase-shifting can be realized in the mea-
surement process. Using the four-step phase-shifting tech-
nique, the shift step § is 7/2, and the phase is 0, /2, 7, and
3m/2, respectively. The optical field expression of the in-
tensity in the interference pattern between plane beam and
vortex beam is

I, = Ap + Ay + 2A0Ag
m=1,2,3,4.
(3)

After adding the phase difference Ag, the expression of
interference intensity is

- cos[lf+(m-1)0+ ¢, - 9,];

I, = Ap + Ay + 2A0Ag
ccos[l0+(m—1)0+ ¢, — ¢, + Ap]; m=1,2,3,4.
(4)

According to Hu’s analysis [30], the phase distribution of
the object to be measured is
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(111 B 113)(124 B 122) B (114 B 112)(121 B 123).
(111 - 113)(121 - 123) - (114 - 112)(124 - Izz)
(5)

The relationship between the phase and the actual
thickness of object to be measured is

Ag = arctan

Aq):ZTﬂ(n—l)XAL, (6)

where 7 is the refractive index, and AL is the thickness of the
optically transparent sample. Therefore, the profile of the
transparent sample can be obtained by converting the two-
dimensional distributed phase information into thickness
information.

3. Nonlinear Modulation Simulation

The principle of generating vortex beams by SLM is similar
to computer holography. On the basis of computer holog-
raphy, the phase diagram of vortex beam is put into SLM,
and the experimental parameters are controlled by the
computer in real time, so that vortex beams with different
topological charges and initial phase are generated.
According to formula (6), it can be seen that the phase
difference A determines the true profile of the sample. The
phase accuracy of vortex light is determined by the mod-
ulation ability of the SLM, so the nonlinearity of phase
modulation will affect the experimental results. Gamma
transformation is a common nonlinear modulation. In order
to study the influence of nonlinear phase modulation of
spatial light modulator on the results, the simulation analysis
is conducted through MATLAB in this study. The phase
hologram of vortex beam is transformed into the nonlinear
gray scale to simulate the nonlinearity of phase modulation.
The formula of gamma transformation is

S(x,y)=C-g(x,y), (7)

where C is the proportional constant, and C is set to 255 for
8-bit gray-level bitmap addressing over the 27 range. g (x, y)
is the gray-scale distribution function after normalization of
the phase diagram of vortex beam (scale the gray-scale range
linearly to 0-1). y is the transformation coefficient, and
S(x, y) refers to the gray function after transformation,
which is the phase distribution of vortex beam after non-
linear modulation. In linear modulation, the phase of +1
order vortex light generated by SLM shows a linear change
from 0 to 27 around the vortex axis, and the gray level of the
phase diagram shows linear increase from 0 to 255. Holo-
gram with the nonlinear phase of vortex beam is different, as
shown in Figure 1; when y<1, the phase hologram is
brighter; otherwise, it is darker. The results show that the
transformed phase of vortex beam is exponentially dis-
tributed along the axial direction, rather than linearly
changing. Figure 2 shows the characteristic curve of non-
linear phase modulation of SLM according to formula (7).

After the transformed phase of vortex beams with dif-
ferent gamma coeflicients is obtained, the interference in-
tensity is calculated according to formulas (3) and (4). And
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FIGURE 1: Phase gray-scale images of +1 vortex beam with different gamma coefficients. (a) y=0.6, (b) y=1, and (c) y=1.5.

2 T T T T
o
/
/
4
7
1.5+ 7 i
7
4
//
E .~
< y=0.6 // ]
L 7z
3 P
= L
A V=1 -
0.5 | _-y=15 |
0 S . . . . .
0 50 100 150 200 250
Gray level
— y=0.6
—o— =1
-—- y=15

FiGURE 2: Phase modulation characteristics.

then, the simulated phase distribution can be solved by
substituting the interference intensity value in formula (5).
In the simulation, the wavelength of the laser is 640 nm,
refractive index of sample to be measured is 1.5, and its
geometrical thickness AL is 20 nm, so its phase value Ag is
207/640, which is approximately equal to 0.1 rad according
to formula (6). Finally, the influence of different gamma
coefficients on phase error can be analyzed.

According to the results in Figure 3 and Table 1, it can be
seen that nonlinear modulation of spatial light modulator
has an impact on the measurement. When gamma deviates
from 1, the error increases gradually. Therefore, it is nec-
essary to test and eliminate the nonlinear modulation of
spatial light modulator before the vortex beam phase-
shifting interferometry.

4. Experimental Preoperation and Setup

The simulation in the previous section shows that in order to
reduce the measurement error, it is necessary to ensure the
accuracy of the phase modulation of SLM. There are many
calibration methods for the phase modulation characteristics

of LCOS-SLM, among which interferometry is commonly
used internationally [31, 32]. After measuring the modu-
lation curve of the input gray-scale and phase response of the
SLM, the inverse interpolation method is used to regenerate
the look-up table (LUT) corresponding to the driving gray-
scale and the input gray-scale. The LUT maps each gray value
in the image to a new gray value, so that the SLM correction
is completed [33]. In this study, the modulation curve of the
LC-SLM are measured by the Twyman-Green interference
system. Based on the correlation algorithm [34], the value of
interference fringe movement corresponding to a different
input gray-scale is calculated, and finally, the relation curve
that phase shift varies with the gray level is shown in
Figure 4.

The experimental setup for measuring the surface profile
of samples based on optical vortex phase-shifting technique
is shown in Figure 5. A semiconductor laser is used as a light
source, with a wavelength of 640 nm and the power of 2 mW.
After the beam expansion system, the diameter of the exiting
spot is 10 mm. The intensity is adjusted by the polarizer P1;
then, laser beam passes the analyzer P2 (the direction of
polarization is aligned with liquid crystal direction of SLM)
into beam splitter (BS), and the light is divided into two
beams. One beam illuminates the SLM to generate vortex
beam as a reference beam. The other beam passes through
the object and illuminates the standard mirror (M) as an
object beam. The object and reference beam after reflections
are recombined by the beam splitter, and the interference
fringes are recorded by a CCD camera with a collimator. The
spatial light modulator in the experiment is liquid crystal
spatial light modulation (PLUTO-NIR-011, HOLOEYE,
Germany) with image resolution of 1920 %1080, pixel unit
size of 8.0 ym, and a response time of 16 ms-200 ms. It is
used to generate vortex beams as the reference beam and
realize phase-shifting operation by changing the spiral phase
distribution of the vortex wavefront. The camera is a
monochrome CCD, with active image resolution of
1040 x 1392 and pixel size of 6.45 ym.

4.1. Experimental Results and Discussion. In the experiment,
a 20 nm thick H-shaped silicon dioxide film (n =1.515) [35]
plating in a glass sample is measured, and the structure
diagram of the sample is shown in Figure 6. In the optical
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FIGURE 3: Phase error caused by nonlinear modulation. (a) y=0.6, (b) y=0.9, and (¢) y=1.5.
TaBLE 1: Error comparison of the nonlinear modulation with different gamma values.
y 0.6 0.8 0.9 1.1 1.3 1.5 1.8 2
APhase_max (rad) 0.047 0.017 0.0076 0.0065 0.0188 0.031 0.053 0.071
ALength_max (nm) 9.57 3.46 1.55 1.32 3.83 6.32 10.80 14.46
Error rate_max (%) 47 17 7.6 6.5 18.8 31 53 71

path, because the light beam passes through the sample
twice, the theoretical phase value of the silicon dioxide film is
0.202 rad, which is calculated by formula (6).

Figureds 77(a)-7(d) show the four interferograms with-
out placing the sample into the experimental system. After
placing the sample, four interferograms containing sample
information are recorded, as shown in Figures 7(e)-7(h),
respectively. Looking at all the images in Figure 7, the dis-
tribution of the interference fringes of the vortex beam and
the plane beam is characterized by a forked stripe at the center
of the interference field, and when the spiral phase of vortex
light changes, the interference fringes move relative to the
center of the fork.

After substituting the intensity values of eight interfer-
ograms into formula (5) for calculation, a phase diagram
containing sample information can be obtained, as shown in
Figure 8(a). It can be seen from Figure 8(a) that there are

obvious steps in the phase diagram. The phase diagram with
phase change of such steps is called the wrapped phase. After
analysis, the phase step produced in the experiment is caused
by the tilt of the sample when it is placed in the optical path.
Therefore, it is necessary to unwrap the wrapped phase to
obtain the true phase distribution.

After unwrapping operation, the phase distribution di-
agram obtained is shown in Figure 8(b). The flowchart of
image processing in the experiment is shown in Figure 9,
which includes image segmentation, binarization, and image
filtering. The phase shift algorithm and unwrapping algo-
rithm are used to calculate the phase distribution of the
object [36], and then, the phase image is filtered. Finally, the
surface profile of the object is obtained.

The three-dimensional structure of the object is shown in
Figure 10(a). The calculation of the image in 170th line
shows that the phase value of the thin film is 0.186 rad, and
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FIGURE 5: Experimental setup for measuring the surface profile based on optical vortex phase shift. P1, polarizer; P2, analyzer; BS, beam
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FIGURE 6: Schematic diagram of the sample structure.
the calculated sample thickness is 18.394 nm, with an error ~ the sample calculated by formula (6) are 18.854nm and

of 1.606 nm from the theoretical value of 20 nm. By aver- 1.146 nm, respectively. The phase value of the 170th line is
aging the whole H-shaped phase, the thickness and error of ~ shown in Figure 10(b). According to the number of pixels
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FIGURE 10: (a) Three-dimensional profile of the sample after unwrapping. (b) Phase value of the 170th line of the sample phase image.

that H-shape occupies in the picture and the pixel size of the
CCD camera, the width of vertical stripes on the left and
right sides of H-shape film is calculated to be 1.498 mm, and
the length and width of the horizontal stripe in the middle
are 4.729mm and 1.498 mm, respectively. The calculated
result is very close to the true value. The experimental and
simulation results show that the optical vortex phase shift
technique can be used to measure the surface profile of
objects.

5. Conclusions

In conclusions, we have achieved a high-accuracy mea-
surement of the transparent sample based on the vortex
phase-shifting interferometry and analyzed the influence of
the nonlinear phase modulation characteristics of the spatial
light modulator on the measurement precision. The simu-
lation of the nonlinear phase is operated by gamma trans-
formation of vortex light phase diagram, and the results
show that measurement error was positively correlated with
the nonlinear phase. In the state of linear modulation of
SLM, the profile of thin film was measured. The width of
vertical stripes on the left and right sides of H-shape film is
1.498 mm, the length and width of the horizontal stripe in
the middle are 4.729 mm and 1.498 mm, respectively, and
the thickness of the sample is 18.854 nm, with an error of
1.146 nm compared with the theoretical value of 20 nm. Due
to the limitations of the experimental environment (air
vibration and equipment stability), as well as errors in the
solution algorithm, there will be errors in the value of the
solution phase. Because the thickness of the measured
sample is a large value, the error of a certain partial thickness
will not affect the estimation of the transverse dimensions, so
the transverse dimensions can be accurately measured (error
rate is 0.7%), and the measurement error in the vertical
direction is larger (error rate is 5.7%).
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