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Dual-wavelength digital holographic microscopy is a method to acquire surface topography of high-depth 
samples, offering a broader depth range compared to single-wavelength technique. When applying to high aspect 
ratio structures, however, optical aberrations are difficult to remove, resulting in phase restoration distortions. To 
address this limitation, we developed a layered phase restoration method for DW-DHM. This approach restores 
the phase by decomposing the step structure into layers and applying a targeted de-aberration process at each 
layer, followed by precise dual-wavelength phase unwrapping through linear programming algorithm (LPA). 
Simulations and experimental results show that, while preserving the noise robustness of LPA, the proposed 
method provides significantly enhanced resistance to various aberrations. For topographic measurements of 
complex micro-nano scale step structures, this approach effectively mitigates the issue in LPA where the phase 
restoration affected by hard-to-eliminate aberrations, demonstrating its potential for advanced applications in 
micro-nano device measurement.
1. Introduction

Digital holographic microscopy (DHM), a combination of micro-

imaging and digital holography, represents a phase-imaging technique 
renowned for its non-contact nature and delivery of high-quality, high-

resolution images. Based on the principle of holography proposed by 
Dennis Gabor in 1948 [1], DHM works by recording the amplitude 
and phase information of objects’ waves through the phenomenon of 
light interference and reconstructing a three-dimensional image of the 
sample using the theory of light diffraction. It stands out as one of 
the most suitable approaches for precise topographic measurements of 
micro-structures [2,3]. Dual-wavelength holographic microscopy (DW-

DHM) is an extension of single-wavelength holographic microscopy 
(SW-DHM), aiming to extend the longitudinal measurement range of 
DHM in microscopic morphology [4,5]. The concept of employing mul-

tiple wavelengths to extend measurement ranges beyond a single wave-

length was first proposed by Michelson and Benoit in 1894 [6], with 
Wyant achieving the initial application of multi-wavelength techniques 
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in holography in 1971 [7]. In recent years, DW-DHM has evolved into 
an important method for augmenting longitudinal measurement ranges 
[8–11]. The associated technology has also been sufficiently developed. 
Conventional DWDH uses two cameras [12] or two separate experiments 
to record the holograms of two wavelengths. In recent years, through 
the arrangement of optical elements such as polarizing mirrors [13], it 
was possible to obtain two-wavelength holograms with just one cam-

era exposure. In the latest research, a Wollaston prism(WP) was used to 
separate the two orthogonal-polarized reference beams of two different 
wavelengths [14].

In the field of micro-nano device processing, surface topography 
characteristics are important parameters for evaluating the manufac-

turing quality and performance of micro-nano structures. It is closely 
related to the service life and physical & mechanical properties of the 
chips [15]. MEMS (Micro-Electro-Mechanical System) chips, as the most 
representative micro-nano structured devices, have advanced to 30:1 
high aspect ratio microgroove structures [16,17]. For step structure 
measurements in micro-nano devices, SW-DHM cannot unambiguously 
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determine the interferometric orders of holograms [18]. The phase un-
wrapping algorithms fail to identify large steps optically thicker than 
the illumination wavelength, due to the surface non-continuous vari-
ation of the steps. This limitation leads to measurement inaccuracy 
of SW-DHM technique. In comparison, DW-DHM systems are capable 
of observing MEMS topography within the scale range of 1 to 50 μm 
and can determine deformations in intricate structures [13,19]. While 
dual-wavelength holography expands the range of height detection, it 
also introduces a proportional increase in measurement standard devia-
tion [20]. Consequently, a critical concern in DW-DHM revolved around 
achieving high-precision shape restoration. In the current research, the 
primary dual-wavelength phase restoration algorithms mainly include 
direct phase subtraction and linear programming methods. The direct 
phase subtraction method derives a continuous phase distribution by 
directly subtracting two single-wavelength phases and compensating 
2𝜋 for phase discrepancies when the subtraction yields negative values 
[21]. However, the accuracy of this approach is susceptible to anoma-
lous phase jumps induced by system and measurement noise, leading 
to potential failure. The linear programming phase restoration method 
(LPA) was firstly proposed by Khmaladze et al. in 2011 [22]. Based on 
the linear programming, it adjusts the positions where dual-wavelength 
phase values fall below zero by adding 2𝜋, thus compensating the phase 
difference. In subsequent studies, Wang et al. [23] introduced new con-
straints and Shan et al. [24] introduced new constraints, enhancing 
its efficacy and accuracy against noise. Recently, Shan et al. [25] fur-
ther improved the calculation speed of the algorithm. Nontheless, the 
accuracy of LPA still depends on the precision of single wavelength 
phase measurement. For complex step structures on components such 
as MEMS systems, residual aberration within the step structure is dif-
ficult to extract further, which will significantly affect the accuracy of 
dual-wavelength unwrapping.

In this study, we proposed a layered phase restoration method for ac-
curate dual-wavelength phase unwrapping of complex step structures. 
Under the premise of removing most of the system aberration, this 
method involved removing the complete aberration by layering the step 
structure and extracting the residual aberration of each layer respec-
tively. Finally, linear programming was used to achieve accurate dual-
wavelength phase unwrapping to restore the topography of the sample. 
Simulation in Section 3 demonstrated its high accuracy and robustness 
against noise. In Section 4, we applied this method to the measurement 
of a standard periodic step sample using a single-shot dual-wavelength 
holographic microscopy system to demonstrate the accuracy-enhancing 
effect of the method in practical measurements. Finally, we measured 
and characterized a MEMS sample with step structures to verify its po-
tential for advanced applications in micro-nano device measurement.

2. Principle

2.1. Dual-wavelength digital holographic microscopy

In digital holographic topographic measurement, when light passes 
over the surface of sample, the difference in refractive index between 
the sample and the air will affect the light propagation trajectory. This 
will be reflected in the changes of the beam amplitude and phase infor-
mation. The digital holographic recording and numerical reconstruction 
method can get the phase information changes related to the sample, 
and perform topographic measurements of the sample by restoring the 
phase information [26]. Digital holographic topographic measurement 
can be categorized into transmissive mode and reflective mode. The re-
lationship between the phase information of sample and its thickness 
can be expressed respectively as [27],

Transmissive mode (on a transmissive surface):

ℎ (𝑥, 𝑦) =
𝜑 (𝑥, 𝑦)

2𝜋(𝑛𝑠 − 𝑛0)
𝜆, (1)
2

reflective mode (on a reflective surface):
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ℎ (𝑥, 𝑦) =
𝜑 (𝑥, 𝑦)
4𝜋

𝜆, (2)

where 𝑛𝑠 and 𝑛0 are the refractive index of sample and surrounding 
medium, respectively. 𝜑 (𝑥, 𝑦) is the phase of sample. 𝜆 is the wave-

length of light source. In this study, the measurements were performed 
on opaque samples with reflective holographic systems.

Assuming that two light beams 𝑘1 =
2𝜋
𝜆1

and 𝑘2 =
2𝜋
𝜆2

irradiate the 
sample separately, holograms of two single wavelengths are formed and 
recorded by the CCD camera. Object light wave of sample and the ref-

erence wave interferes and propagates to the camera recording plane. 
Basis on the complex amplitude distribution of any cross-section in ob-

ject light field 𝐎 (𝑥, 𝑦), the phase 𝜑 (𝑥, 𝑦) is calculated by numerical 
reconstruction:

𝜑 (𝑥, 𝑦) = arctan
[
Im (𝐎 (𝑥, 𝑦))
Re (𝐎 (𝑥, 𝑦))

]
. (3)

Assuming that both the illumination direction and the viewing direc-

tion are perpendicular to the phase zero plane, the relationship between 
object height and phase is expressed as

ℎ (𝑥, 𝑦) =
𝜑1 (𝑥, 𝑦)

4𝜋
𝜆1 =

𝜑2 (𝑥, 𝑦)
4𝜋

𝜆2. (4)

Then the phase maps at the two wavelengths are subtracted and ex-

pressed by the following equation:

𝜑1 (𝑥, 𝑦) −𝜑2 (𝑥, 𝑦) =
4𝜋
𝜆1

ℎ(𝑥, 𝑦) − 4𝜋
𝜆2

ℎ(𝑥, 𝑦)

= 4𝜋 ℎ(𝑥, 𝑦)
𝜆1𝜆2
𝜆2−𝜆1

,
(5)

where

Λ=
𝜆1𝜆2

𝜆2 − 𝜆1
, (6)

Φ= 𝜑1 (𝑥, 𝑦) −𝜑2 (𝑥, 𝑦) , (7)

where Φ is the synthetic phase, and Λ is the synthetic wavelength. 
Eq. (6) shows that the synthetic wavelength is larger than any single 
wavelength. Therefore, the phase of sample will no longer be wrapped 
when choosing suitable 𝜆1 and 𝜆2, and the range of axial height that 
can be directly measured is widened.

2.2. Algorithmic process

The process of proposed method is shown in Fig. 1. The initial step in-

volves subtracting the main phase aberration from the original wrapped 
phase. Phase aberrations in holographic microscopy system are mainly 
tilt (the camera target surface and off-axis setup), chromatic aberration 
(the use of different wavelengths), spherical, and defocus (the use of mi-

croscope objective, phase curvature mismatch between object beam and 
reference beam, etc.). In addition, a variety of factors such as instabil-

ity in the measurement environment, angular mismatch of component 
positions, etc. can introduce a small amount of higher-order aberration. 
The telecentric system, as a method of physical compensation, can cor-

rect most of the defocus aberration by adjusting the position of tube 
lens [28]. However, compared to numerical compensation methods, the 
telecentric system is unable to correct complex higher-order aberrations, 
and it is difficult to ensure the lens device mounting accuracy, includ-

ing device co-axialization, alignment, and focusing, etc. ZPF method 
can correct complex aberrations and more adaptable to high-precision 
quantitative measurement scenarios. Therefore, the ZPF compensation 
method [29] is applied in this study. In the Zernike aberration model, 
the total system aberration can be described as a superposition of 36 
orders of aberration types, which is expressed through the following 

equation:
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Fig. 1. Flow diagram of the proposed method.

𝜑𝑎 =
⎡⎢⎢⎢⎣
𝜑1
𝜑2
⋮
𝜑𝑚

⎤⎥⎥⎥⎦
=
⎡⎢⎢⎢⎣
𝑍1,0 ⋯ 𝑍1,𝑛−1
𝑍2,0 ⋯ 𝑍2,𝑛−1
⋮ ⋱ ⋮

𝑍𝑚,0 ⋯ 𝑍𝑚,𝑛−1

⎤⎥⎥⎥⎦
⋅

⎡⎢⎢⎢⎣
𝑎0
𝑎1
⋮

𝑎𝑛−1

⎤⎥⎥⎥⎦
, (8)

where 𝑚 and 𝑛 are the numbers of pixels on the background region 
and Zernike polynomial, respectively. 𝑍𝑚,𝑛−1 is the 𝑛th order of Zernike 
polynomial value at a pixel point, and 𝑎𝑛−1 is the corresponding coeffi-

cient of phase aberration.

After initial compensation of the entire phase diagram, the step struc-

ture is layered by optimal threshold selection and the remaining aber-

ration of the top and bottom layers are obtained respectively. Here, we 
employed the Otsu threshold segmentation method, the method sepa-

rates the top and bottom layers by gray values 𝜇 of the image. It finds 
the best threshold for the whole image, splitting the gray values into two 
parts (top and bottom) and maximizing the class variance 𝛿2(𝑘) between 
them. The computational process can be expressed as

max[𝛿2(𝑘)] = max[𝑝𝑡(𝜇 − 𝜇𝑡)2 + 𝑝𝑏(𝜇 − 𝜇𝑏)2], (9)

where 𝑝𝑡 and 𝑝𝑏 represent the probability of corresponding pixels in 
the top and bottom layers, respectively. 𝜇 is the average gray value of 
the image, 𝜇𝑡 and 𝜇𝑏 are the average gray values for top and bottom 
layers, respectively. 𝑘 denotes the partitioning basis for dividing top 
and bottom layers in gray levels.

The top and bottom layers of sample’s phase are obtained after con-

verting the gray-scale maps to original phase maps. Next, the residual 
aberrations of top and bottom layers are extracted by ZPF method. 
The residual aberrations are mainly higher-order aberrations. Then the 
wrapped phase 𝜑𝑖 with the systematic aberration removed can be ex-

pressed as

𝜑𝑖 = 𝜑0 −𝜑𝑎 −
(
𝜑𝑡 +𝜑𝑏

)
, (10)

where 𝜑𝑎 represents the aberration obtained by Zernike polynomial fit-

ting (Eq. (8)), typically associated with the arrangement of optical path 
system (e.g., microscope objective).𝜑𝑡 and 𝜑𝑏 are the residual aberra-

tions of the top and bottom layers after layering, respectively.

After obtaining the accurate phase diagrams of 𝜆1 and 𝜆2 through 
the above processes, the two single-wavelength phases, are subjected 
to linear programming-guided phase unwrapping [22,24]. Minor vari-

ations in height distributions obtained at different wavelengths com-
3

monly arise due to system noise, disparities in light paths at the two 
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Fig. 2. Simulated results. (a) Step sample, the depth of step is 2 μm. (b) The 
step sample with simulated noise and aberration. (c) The height distribution 
calculated by LPA and (d) is the residue of the result. (e) The height distribution 
calculated by the proposed method and (f) is the residue graph of the result.

wavelengths, among other factors. The height distribution derived from 
two single-wavelength phase maps can be expressed as,

⎧⎪⎨⎪⎩
ℎ1(𝑥,𝑦)
𝜆1

= 1
4𝜋 𝜑1 (𝑥, 𝑦) +𝑚1 (𝑥, 𝑦)

ℎ2(𝑥,𝑦)
𝜆2

= 1
4𝜋 𝜑2 (𝑥, 𝑦) +𝑚2 (𝑥, 𝑦) ,

(11)

where 𝑚1 and 𝑚2 are unknown integers at two wavelengths at pixel 
point (x,y), respectively. The least square value of the height difference 
is applied to search for the best integer matching pair of 𝑚1 and 𝑚2:

min𝑧 =min
[(
ℎ1 − ℎ2

)2]
=min

[(𝜑1
4𝜋

𝜆1 −
𝜑2
4𝜋

𝜆2 +𝑚1𝜆1 −𝑚2𝜆2

)2
]
.

(12)

With two parameters 𝑚1 and 𝑚2, the height distribution can be cal-
culated using either of the equations in Eq. (11).

3. Numerical analysis

Numerical simulations were conducted to validate the feasibility of 
the proposed method. We set up a periodic step sample with a pixel size 
of 3.45 μm within a 560 × 560 pixel region as the measurement object. 
The step was set at heights of 2 μm, as shown in Fig. 2(a). The wave-
lengths of the laser source were chosen as 𝜆1 = 532 nm and 𝜆2= 561 
nm, respectively, resulting in a synthesized wavelength of 10.2914 μm 
for this setting, according to Eq. (6). Gaussian-distributed random noise 
was added to the sample using MATLAB (randn) function to mimic the 
actual conditions (Fig. 2). Additionally, the aberrations were introduced 
by randomly setting coefficients of order 1 to 36 in the Zernike polyno-
mial to generate random aberrations. These simulated aberrations and 
noise were then applied to the simulated step sample, as depicted in 
Fig. 2(b).

Subsequently, we simulated the hologram formation process to ob-
tain phase maps wrapped between -𝜋 and 𝜋 at the two wavelengths. 
The proposed method was then applied to recover the shape of two 
wrapped phases. Ultimately, the accurate shape of the simulated ob-

ject was successfully restored, as shown in Fig. 2(c) and (e). To further 
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Fig. 3. The residue standard deviation (SD) and root mean square error (RMSE) curves of proposed method and LPA. (a) Comparison of SD between the proposed 
method and LPA under different noise variance. (b) Comparison of SD and RMSE between the proposed method and LPA under different aberrations.
evaluate the robustness against noise and accuracy improvement of the 
proposed algorithm, we performed the following simulation analyses. 
First, under the working condition of keeping tilt aberration, Gaussian-
distributed random noise with variance varying uniformly from 10−4

to 10−3 were added to the simulated step sample respectively, to com-
pare the topography restoration of the proposed approach and LPA. The 
noise intensity was selected to match the subsequent experimental con-
ditions. The height map extracted by the proposed method and LPA is 
subtracted from the original topography to obtain the residual map, as 
shown in Fig. 2(d) and (f). We calculated the overall standard devia-
tion (SD) of the residual map, as shown in Fig. 3(a). From Fig. 3(a), we 
can conclude that the proposed method is robust to noise of different 
variance sizes with SD values below 30 nm.

To verify the proposed method’s effectiveness in removing various 
aberrations, we simulated several possible aberrations in the actual op-
tical system, such as tilt (item 3), defocus (item 5), spherical (item 9). 
In order to take into consideration of the higher-order aberrations that 
may also be present in the optical system, the tertiary spherical (item 
24) aberration was added. These distortions were gradually superim-
posed into the simulated sample while keeping the noise variance level 
at 5 × 10−4. The same step was to obtain the residual map of the ex-
tracted height distribution. Then, we calculated the root mean square 
error (RMSE) and SD values of the residue to quantify the accuracy im-
provement of the proposed method, as shown in Fig. 3(b). The RMSE 
values of LPA were 56.78 nm, 278.79 nm, 227.9 nm and 196.4 nm, re-
spectively, while the results of proposed method were 10.02 nm, 261.59 
nm, 127.30 nm, and 113.60 nm for these four cases above, which are 
smaller than those obtained by LPA. The SD values of LPA were 20.03 
nm, 56.78 nm, 25.13 nm and 35.73 nm, respectively, while the results 
of proposed method were 10.03 nm, 12.49 nm, 10.00 nm and 10.57 nm. 
The above cases show that both SD and RMSE values calculated by pro-
posed method were smaller than those obtained by LPA. Meanwhile, it 
can be seen from Fig. 3(b) that the SD and RMSE values were highest 
when defocus is introduced to the sample. This is because the surface 
shape exhibits a dramatic concavity when defocus aberration is added. 
The shape of the sample was truncated by depressions and wrapped to-
gether, which affected the accuracy of phase unwrapping and aberration 
compensation. The above analysis illuminated that, while maintaining 
the same robustness against noise as LPA, the proposed method has sig-
nificantly improved resistance to various aberrations, even in the case 
of complex high-order aberrations.

4. Experiment and results

The experiment was carried out in a DHM optical system to assess the 
4

performance of proposed method. Fig. 4(a) and (c) illustrates the exper-
imental setup for a single-shot, off-axis, dual-wavelength DHM system. 
In order to separate the two reference beams angularly, laser beams with 
wavelengths of 532 nm (laser 1) and 561 nm (laser 2) were respectively 
tuned to horizontal and vertical polarization states using a polarizer. 
The modulated beams were subsequently collimated by a spatial filter 
(SF), expanding the beam by a factor of 10, and then split into object 
beam and reference beam via an unpolarized beam splitter (BS2). The 
reference light passed through a polarized beam splitter (PBS), with the 
532 nm beam being completely reflected and the 561 nm beam being 
transmitted. The angle at which the two reference beams reached the 
camera target surface was adjusted using two mirrors (M3 and M4). The 
relevant schematic diagram is shown in Fig. 4(b). The off-axis angle be-
tween the object beam and reference beam was set by angular tilting 
of BS3, further improving space frequency utilization by adjusting its 
angle. A CCD camera was positioned on the imaging plane to capture 
the interference fringes of the dual-wavelength holograms. The cam-
era operated with an exposure time of 150 μs, a full-width resolution of 
560×560 pixels, and a pixel size of 3.45 μm. Finally, frequency distribu-
tions of the dual-wavelength holograms were obtained in the frequency 
domain, with the 532 nm and 561 nm holograms chosen respectively.

A periodic step sample, similar to the microgroove structures in 
MEMS, was measured to assess the performance of the proposed method. 
The performance of the proposed method was assessed by imaging and 
height characterizing of a standard step sample using the experimental 
system in Fig. 4. The height of step was 4 μm. Dual-wavelength holo-
grams were obtained in a single-shot experiment. As shown in Fig. 5(a) 
and (b), the corresponding phase maps at the respective wavelengths 
were acquired through off-axis reconstruction. After layered aberration 
processing of the two phase maps (Fig. 5(d)), Fig. 5(c) shows the height 
maps obtained by the proposed method.

To quantitatively evaluate the performance optimization achieved 
by the proposed algorithm, we selected a cross-section (Fig. 5(e)) in the 
3D shape distribution to plot the contour curves, as shown in Fig. 6. The 
black dashed line represents the contour curves obtained by LPA, while 
the red solid line represents those obtained by proposed method. As a 
standard result, we added the height distribution by commercial surface 
profiler (ZYGO) [30] on the charts. We selected 10 points uniformly for 
the contour curves of the step plane, calculating the SD and RMSE val-
ues. Notably, in the smooth area at the top of the step, bottom area of 
the step (9 ∼ 11 μm), and the area of sharp rise in step height (11 ∼ 13 
μm), the height distribution obtained by LPA did not meet that of the 
sample, affecting the calculation of thickness. The proposed method sig-
nificantly attenuated the distortion of the height distribution, resulting 
in a reduction of the SD in the step profile height from 177.34 nm to 
66.29 nm. Meanwhile, the RMSE values had a reduction from 209.08 nm 

to 73.09 nm (Table 1). For the ROI region boxed out in Fig. 5, the PV val-
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Fig. 4. Single-shot DW-DHM experiment system: (a), (c) are the optical system setup, (b) shows the realization of two reference beams separation.

Fig. 5. The experimental results of standard step obtained with the proposed method and LPA: (a) Phase map of 561 nm. (b) Phase map of 532 nm. (c) Schematic 
diagram of layered processing. Height result with (d) LPA and (e)the proposed method.(f) 3D distribution of (e).
Table 1

Measurement data of standard step sample.

SD (nm) RMSE (nm)

LPA 177.34 209.08

Proposed method 66.29 73.09

ues were calculated and the results were 125.36 nm for LPA and 37.19 
nm for the proposed method. This indicates that the proposed method 
computes a flatter surface shape compared to LPA. Therefore, the pro-

posed method can significantly eliminate the aberration in complex step 
structures, effectively improving the problem that the results obtained 
5

by LPA are affected by phase aberration.
Finally, measurements were performed on a MEMS sample with step 
structure (height: 1 μm) to further validate the proposed method. The 
height distribution of the MEMS sample calculated by LPA and the pro-
posed method were shown both in Figs. 7 and 8. As can be seen in Fig. 8, 
due to the effect of aberration, the height map and curve with LPA were 
distorted at the bottom and top surface, resulting in the average RMSE 
of 87.95 nm. However, the proposed method eliminated the effect of 
distortion very well, with the average RMSE of 36.90 nm. The above 
results demonstrate the good performance of the proposed method.

5. Conclusion

In summary, we developed a layered dual-wavelength phase restora-
tion method to effectively mitigate system aberrations and distortions in 

phase reconstruction for high aspect ratio step structures. For a sample 
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Fig. 6. Comparison of the profile curves of standard step sample calculated by LPA, proposed method and ZYGO surface profiler [30].

Fig. 7. Height maps of MEMS sample calculated by (a) LPA and (b) the proposed method.
Fig. 8. Comparison of the profile curves of MEMS sample inverted by LPA and 
the proposed method.

with a height of 2 microns, we simulated the SD and RMSE of both the 
proposed layered dual-wavelength phase restoration method and LPA 
under various types of noise and aberration. The results demonstrate 
that, compared with LPA, the proposed approach offers substantial im-

provement in resisting distortions caused by tilt, defocus, and spherical 
aberrations in the optical system.

To further assess the method’s performance, we conducted experi-

ments using a DW-DHM optical system on a periodic step sample with 
a height of 4 microns, resembling the micro-groove structures found in 
6

MEMS. A dual-wavelength hologram was captured in a single experi-
ment, and phase images were reconstructed at each wavelength using 
off-axis reconstruction. After applying layered aberration correction to 
the phase images, the resulting height map showed that the proposed 
method significantly reduced height distribution distortions compared 
to LPA. The standard deviation of the step profile height decreased from 
177.34 nm to 66.29 nm, and the RMSE was reduced from 209.08 nm 
to 73.09 nm, confirming the effectiveness of the proposed method. A 
MEMS sample was measured and characterized. The RMSE was reduced 
from 87.95 nm to 36.90 nm, demonstrating the potential of the proposed 
method for application in the field of micro-nano structure device mea-
surements.

Specifically, both numerical and experimental results demonstrate 
that, while maintaining the same robustness against noise as LPA, 
the proposed method effectively mitigates the amplification of dual-
wavelength technique aberrations, phase restoration accuracy has been 
significantly improved. Consequently, it facilitates improved fidelity in 
reconstructing complex microstructural features. This method show-
cases considerable potential as a valuable tool for advancing precision 
imaging and micro-nano structures analysis.
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