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a b s t r a c t 

As a non-destructive method, coherence scanning interferometry is widely utilized for surface topography mea- 

surement of step microstructures in optical and integrated circuit fields. The measurements are always imple- 

mented near the lateral resolution limit of the system because the critical dimension of these microstructures is 

at the micron or sub-micron scale. However, in this case, not only is the image of microstructures blurred, but 

also the diffraction effects distort the measured topography near the step edges. The magnitude of distortion at 

a certain position appears to be related to its distance from the edges and the duty cycle of the microstructures. 

Therefore, it is necessary, although difficult, to improve the accuracy of topography measurement for microstruc- 

tures if their images are blurred owing to the lateral resolution limit. When located far away from the step edges 

of microstructures, the coherence signals are normal and contain a single envelope with its peak corresponding 

to the surface height. However, the anomalous coherence signals containing two envelopes appear near the step 

edges. The peaks of these envelopes correspond to the top and bottom surfaces of step structures, thus distorting 

the coherence peak detection for topography measurement. Therefore, the primary issue is the determination of 

the correct envelope in the anomalous coherence signals that is achieved by distinguishing the current surface of 

step structures for each position. In this paper, we propose a binarization method based on edge localization to 

achieve surface distinguishment through the analysis of the contrast and intensity of the coherence signals. After 

determining the correct envelope, we construct a new form of wavelet family and employ the Morlet wavelet 

transform to calculate a split point for dividing the anomalous coherence signals. Finally, the effective coherence 

signals corresponding to the correct envelope are extracted. Surface topography measurement of the nanopillars 

on the metasurface is obtained from the extracted signals. These nanopillars are distributed with a varying duty 

cycle and their diameters range from 590 to 1350 nm, near the lateral resolution limit of 501.9 nm of the system. 

The topography of nanopillars is recovered from the field of view, while the diameter and height of different types 

of nanopillars are measured. The mean value and standard deviation of these two parameters are consistent with 

the results obtained via scanning electron microscopy. 
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bbreviations 

SI coherence scanning interferometry 

EEMDAN complete ensemble empirical mode decomposition with

adaptive noise 

MD empirical mode decomposition 

EM scanning electron microscopy 

LEP amplitude of the left envelop peak 

REP amplitude of the right envelop peak 

MF intrinsic mode function 
CWA rigorous coupled-wave analysis 
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. Introduction 

In recent years, there is a general trend of minimizing the compo-

ent dimensions in the field of aerospace, integrated circuits and optical

anipulation [1] . Thereby, surface topography measurement with high

esolution has a profound effect on product quality control and manufac-

ure monitoring. Coherence scanning interferometry (CSI) is widely ap-

lied for recovering the topography of microstructures. The lateral reso-

ution depends on the imaging system of the interferometer. The height

easurement is achieved by coherence peak detection of the coherence
 Yuan). 
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ignals extracted from the scanning interferograms. Based on the linear

heory [2] , many studies concentrate on the three-dimensional transfer

unction of CSI and analyse the measurement errors induced by system

berrations or the tilt of the sample [3–5] . However, recovering the sur-

ace topography of microstructures, with dimensions near the lateral

esolution limit of the system, is difficult based on linear theory. In this

ase, diffraction and scattering effects play an important role in the for-

ation of interferograms [6–10] . Particularly, the complex diffraction

ffects have an obvious impact on the coherence signals generated for

igh-aspect-ratio structures [11] . In our previous study [12] , we found

he measured topography is distorted near the step edges of the nanopil-

ars on the metasurface, when their critical dimension approaches the

ateral resolution limit of CSI. Thus, we extracted the cross-sectional CSI

mages of the surface acquired at different axial locations for the anal-

sis of the fringes generated near the edges. In this case, the additional

ringes extend slightly in the air along the step edges and induce anoma-

ous coherence signals containing two envelopes. The peaks of these

nvelopes correspond to the two surfaces of step structures, while the

mplitude of the correct envelope corresponding to the actual bottom

urface is often even lower than the other. Thus, coherence peak detec-

ion by searching the envelope with a higher amplitude is invalid and

istorts the measured topography further. It is crucial to determine the

orrect envelope by distinguishing the current surface of step structures

or each position. This can be achieved through a binarization process

ased on edge localization. In addition, a calculated split point divid-

ng the anomalous coherence signals contributes to the extraction of the

ffective coherence signals corresponding to the correct envelope. 

There have been many investigations based on interference mi-

roscopy on linewidth measurement and edge localization [13–23] . In-

ensity [13–16] , contrast [16–18] , phase [16–22] , and height informa-

ion pertaining to profile mutation owing to batwing effects [23] , are

nalysed for the aforementioned purposes. Symeonidis et al. located the

dges by searching the minimums in the intensity image focused on the

op surface of the step structure with the height causing a 𝜋 phase jump

13] . However, for a higher step height, the minimums in the intensity

mage are blurred owing to the weak intensity signals reflected from the

ottom surface. Attota et al. studied the intensity gradients collected at

ifferent focus positions to locate the edges and subsequently measured

he linewidth [ 14 , 15 ]. Tavrov introduced the polarization characteris-

ics into interference microscopy and located the edges according to the

inimums in the intensity and contrast map [16] . However, this method

equires a relative orientation between the sample and the polarization

ight. Totzeck et al. adopted a similar system and interference between

E and TM components reflected from the sample was observed, while

hey employed the same criteria to locate the edges [ 17 , 18 ]. According

o the above studies, analysis of the intensity and contrast information

s valuable for edge localization. 

In this study, we propose a method operating near the lateral

esolution limit of CSI for measuring the surface topography of mi-

rostructures. The remainder of this paper is organized as follows: In
2 
ection 2 , the experiment setup and characteristics of the anomalous co-

erence signals induced by complex diffraction effects are introduced.

ection 3 describes the method for surface topography measurement

f microstructures near the lateral resolution limit. Firstly, the coher-

nce signals are pre-filtered by complete ensemble empirical mode de-

omposition with adaptive noise (CEEMDAN) [24] . This algorithm is

n improved version of empirical mode decomposition (EMD) and has

emarkable stability and efficiency for the removal of unrequired noise

omponents from the original signals. Secondly, determination of the

orrect envelope is achieved by a binarization method based on edge

ocalization. The process of edge localization integrates the contrast and

ntensity information. Contrast information, obtained by analysing the

ariation tendency of the two envelope peaks in the anomalous coher-

nce signals, has extremums at the step edges. Intensity information is

erived from the shielding effect of the microstructures and also has

xtremums at the step edges. Integrating these two types of informa-

ion improves the accuracy of edge localization. Next, extraction of the

ffective coherence signals, corresponding to the correct envelope, is

chieved by the Morlet wavelet transform. Finally, these effective co-

erence signals are calculated for surface topography measurement.

ection 4 analyses the experimental results. The paper is concluded in

ection 5 . 

. Experiment setup and characteristics of the anomalous 

oherence signals 

The schematic of CSI equipped with a Mirau interference microscope

s shown in Fig. 1 . Being different from microscopic imaging, the dis-

inction between two points is mainly reflected in the height information

or surface topography measurement. As illustrated in the right inset of

ig. 1 , two sampling points are located far away from the edge of a step

tructure. The normal coherence signals contain a single envelope with

ts peak corresponding to the current surface. The topography of the

tep structure is recovered according to the different height information

f several sampling points. 

.1. Experiment setup 

To analyse the performance of CSI operating near the lateral reso-

ution limit, the surface topography of nanopillars distributed on the

etasurface is measured. Fig. 2 (a) illustrates the overview schematic of

he metasurface made of silicon material. Many concentric belts, repre-

ented by different colors, are distributed on the metasurface. As illus-

rated in Fig. 2 (b), each belt contains nanopillars with space-variant ge-

metrical parameters. The designed diameter of nanopillars ranges from

90 nm to 1350 nm, with a consistent height of 1850 nm. Period_X and

eriod_Y in the XY plane are 1740 nm and 3020 nm, respectively. 

The coherence scanning interferometry equipment developed in our

aboratory is utilized to measure the surface topography of this belt. The

ystem is equipped with a Mirau interference objective (100 ×, NA = 0.7,
Fig. 1. Schematic of CSI. 
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Fig. 2. Schematic of the metasurface: (a) Overview schematic; (b) 

Nanopillar distribution in one belt (different colour for distinguishing 

the substrate). 
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ikon). A broadband light-emitting diode along with a light filter pro-

ides the illumination. The effective wavelength is 576 nm, considering

he obliquity factor [25–27] . By controlling the scanning step as 72 nm

hich is equal to 𝜆eff/8 ( 𝜆eff is the effective wavelength), a stack of in-

erferograms is collected. The lateral resolution limit of the system is

01.9 nm, according to the Rayleigh criterion ( 𝛿Rayleigh = 0.61 𝜆∕ NA ,

here 𝜆 is the centre wavelength of the system). Thus, when consid-

ring the features near the edges of the nanopillars and the interval

etween them, the measurement process is performed near the lateral

esolution limit of the system. However, in this case, the anomalous co-

erence signals, induced by the complex diffraction effect, will mislead

he coherence peak detection and further blur the characteristics of step

dges in the measured topography. 

.2. Characteristics of the anomalous coherence signals 

Additional fringes appear near the edges of microstructures which

ause anomalous coherence signals containing two envelopes. Two

ross-sectional CSI images in the XZ plane and coherence signals in dif-

erent areas, as shown in Fig. 3 , are sampled to exhibit these phenomena.

he duty cycle is the percentage of nanopillar area in a two-dimensional

eriod, as illustrated in the figure. Cross- Section 1 is located in an area

ith a high duty cycle, and the interval between nanopillars is approx-

mately 391 nm. Cross- Section 2 is located in an area with a small duty

ycle and the interval is 1138 nm. In addition, Area 1, Area 2, and Area

 each contain eight adjacent sampling points. Fig. 4 shows the cross-

ectional CSI images, and Figs. 5–7 illustrate the coherences signals in

ifferent areas. 

Fig. 4 shows the dotted squares that illustrate the expected fringes,

orresponding to the actual surfaces, and the additional fringes that ap-

ear even if no surfaces exist. When the interval between nanopillars ap-

roaches the lateral resolution limit of the system in Cross- Section 1 , the

uty cycle of the nanopillars increases and the additional fringes extend

eyond the sharp edges in Fig. 4 (a). Besides, compared with Fig. 4 (b),
Fig. 3. Schematic of the sampling positions. 
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3 
he contrast of additional fringes is even higher than expected fringes

n Fig. 4 (a), which induces the anomalous coherence signals containing

wo envelopes and distorts the coherence peak detection. The amplitude

f these two envelope peaks varies regularly with the distance from the

dges and the varying duty cycle. This variation tendency is defined

ere as the contrast information. Areas 1–3 are sampled for the analysis

f the contrast information. Area 1 crosses the edges. Area 2 and Area 3

re located at the grooves, and the difference between them is the duty

ycle. Each area contains eight adjacent sampling points. Figs. 5–7 show

he coherence signals and the corresponding envelopes. 

The scanning process of CSI is from the groove to the top of nanopil-

ars. Thus, the right envelope corresponds to the top surface. Fig. 5 (a)–

h) show the coherence signals and envelopes of the eight sampling

oints arranged from top to bottom in Area 1. Anomalous coherence

ignals appear near the edge of the nanopillar, and the amplitude of

he left envelope peak is gradually lower than the right counterpart.

his variation tendency is the contrast information defined above. Af-

er the sampling points cross the edges and reach the top surface of the

anopillar, as shown in Fig. 5 (g) and (h), the normal coherence signals

ppear within twice the coherence length of the surfaces and contain a

ingle envelope. Thus, the characteristics of contrast information facili-

ate locating the edges of nanopillars. However, the same phenomenon

merges in the groove areas without crossing the edges. Next, Area 2

nd Area 3 are sampled to reveal this issue. 

Fig. 6 shows that all the coherence signals contain two envelopes.

he left envelope corresponds to the actual groove surface which has

 higher amplitude than the right. The amplitude of the right envelope

eak is gradually increasing, and this variation tendency is similar to

hat shown in Fig. 5 . It seems that the greater amplitude of the right

nvelope peak might be a criterion for entering the top surface and the

ubsequent locating of the edges. However, it is not always feasible for

rea 3 located in an area with a high duty cycle. In Fig. 7 , the amplitude

f the right envelope peak is even higher than the left one which is the

ame as Area 1, but Area 3 is located in the groove areas. 

The amplitude of two envelope peaks for eight sampling points is ex-

racted to illustrate the contrast information in Fig. 8 . ALEP and AREP

re the amplitude of the left and right envelope peaks, respectively.

ig. 8 (a) shows the contrast information of eight sampling points cross-

ng the edges and entering the top surface of nanopillars. ALEP is gradu-

lly decreasing, while AREP varies inversely. The edges can be roughly

ocated at the intersection position of ALEP and AREP. However, for the

rooves in the area with a high duty cycle, the same phenomenon arises,

s shown in Fig. 8 (c). By contrast, in the groove area with a small duty

ycle, ALEP is always higher than AREP in Fig. 8 (b). To summarise, the

ontrast information is not sufficient for locating the edges. It is neces-

ary to distinguish the contrast information between the areas as Area

 and Area 3. 

.3. Construction of the coherence functions, considering the complex 

iffraction effect 

In terms of studying the anomalous coherence signals, rigorous

oupled-wave analysis (RCWA) is employed for modelling the coherence

unctions [11] . The low-coherence light source with Gaussian spectral
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Fig. 4. Cross-sectional CSI images in the XZ plane. (a) Cross- Section 1 . (b) Cross- Section 2 . 

Fig. 5. Coherence signals (black solid line) and the corresponding envelopes (red dashed line) in Area 1 marked in Fig. 3 . 

Fig. 6. Coherence signals (black solid line) and the corresponding envelopes (red dashed line) in Area 2 marked in Fig. 3 . 

4 
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Fig. 7. Coherence signals (black solid line) and the corresponding envelopes (red dashed line) in Area 3 marked in Fig. 3 . 

Fig. 8. Contrast information: ALEP represents the amplitude of the left envelop peak; AREP represents the amplitude of the right envelop peak. (a)–(c) correspond 

to Areas 1–3 marked in Fig. 3 . The amplitude has been normalized. 
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istribution illuminates the entrance pupil, adopting the formation of

 ӧhler illumination. It is equivalent to multiple plane waves with dif-

erent spatial frequencies illuminating the measured sample. The appli-

ation of RCWA establishes the light field of the incident light inter-

cting with the sample [ 28 , 29 ]. The reflection light passes through the

bjective lens and converts to the spatial-frequency spectrum at the exit

upil. According to the coherent transfer function, the Jones vector is

xpressed as follows: 

 𝑥,𝑦,𝑧 = 

∑
𝑤 

𝑆 ( 𝑤 ) ×
∑
𝜇

𝐿 ( 𝜇) 

×

{ ∑
𝑣 

exp 
(
𝑖 𝑘 𝑣 ⋅ 𝑟 

)
⋅ 𝑐𝑜 𝑠 

1 
2 ( 𝑣 ) ⋅  −1 

( 

𝐻 ( 𝑣 ) ⋅
[ 
 
{
𝐸 𝑥 

(
𝑘 𝜇,𝑤 

)}
 
{
𝐸 𝑦 

(
𝑘 𝜇,𝑤 

)}] ) 

} 2 

, (1) 

here the subscript w denotes the wavelength of light source, μ denotes

he illumination angle, v varies from 0 to 𝜃max , where 𝜃max is related

o the numerical aperture of the objective by NA = n ∙ sin( 𝜃max ). S(w)

s the spectral intensity. L(μ) is the intensity distribution corresponding

o the illumination angle. H(v) is the coherence transfer function of the

bjective. In Eq. (1) , cos 1/2 (v) = (k 0 
2 -k x 

2 -k y 
2 ) 1/2 /k 0 . E is the light field

istribution on the sample surface according to RCWA and comprises

wo orthogonal polarization components. 

The coherence signals are given by 

 = 

(
𝐽 1 + 𝐽 2 

)𝑇 (
𝐽 1 + 𝐽 2 

)∗ 
, (2)

here the superscript T denotes transpose operation of the matrix, and ∗ 

epresents the complex conjugation. For the object beam, J is equal to
1 

5 
 x,y,z demonstrated in Eq. (1) . J 2 represents the reference beam whose

olarization state is the same as the incident light. Moreover, the scan-

ing procedure is added into the object arm and Eq. (1) . 

. Surface topography measurement of nanopillars near the 

ateral resolution limit 

We propose a method including four main steps for the measure-

ent of the surface topography of microstructures near the lateral res-

lution limit. Firstly, coherence signals are pre-filtered by CEEMDAN

or eliminating the local offset and the noise components. Secondly, the

orrect envelope is determined by a binarization method based on edge

ocalization. The contrast and intensity information are integrated by

onstructing orthometric searching paths to locate the edges. Next, the

orlet wavelet transform with a new construction form of the wavelet

amily is performed to calculate a split point dividing the anomalous

oherence signals, and the effective coherence signals corresponding to

he correct envelope are extracted. Finally, with the integration of the

oherence and phase information calculated by the effective coherence

ignals, the surface topography of nanopillars is recovered. The detailed

rocess is illustrated in Fig. 9 . 

.1. Process of pre-filtering 

As shown in Figs. 5–7 , the noise components in the coherence signals

orresponding to the groove areas are evident. In addition, in Fig. 5 (h),

he local offset appears in the coherence signals. Therefore, pre-filtering
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Fig. 9. Flow chart of the proposed method. 
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a  
s essential for removing these components and improving the signal-

o-raise ratio of original coherence signals. CEEMDAN is an improved

ersion of EMD and can effectively remove the useless components in

he original signals. This algorithm has been employed for suppress-

ng the batwing effect and the results have been verified based on the

xperiment results reported in Ref. [30 ]. The coherence signals are de-

omposed into oscillatory components called intrinsic mode functions

IMFs). Replacing the original signals with the selected IMF can fil-

er out the unrequired components, and the criterion function is as

ollows: 

 = 

√ √ √ √ 

1 
𝑛 

𝑛 ∑
𝑖 =1 

[
𝐼 𝑘 ( 𝑖 ) − 𝐼 ( 𝑖 ) 

]2 
, (3)

here I k is the different IMFs, I is the original signals, and n represents

he total scanning frames. 

The IMF whose S attains the minimum value, is considered as the

ubstitute of the original signals. As illustrated in Fig. 10 (a), the original

ignals are decomposed into eight IMFs. According to Eq. (3) , IMF1 is se-

ected without attenuating the contrast of the original signals, while the

ocal offset is removed compared with the original signals in Fig. 10 (b).

ext, IMF1 is processed for subsequent calculation. 

.2. Determination of the correct envelope by binarization based on edge 

ocalization 

Weak intensity signals contribute to edge localization because the

anopillars shield the reflected light from the bottom edge. The maxi-

um of the coherence signals is extracted and is given by 

 𝑠𝑒𝑙𝑒𝑐𝑡 ( 𝑥, 𝑦 ) = max ( 𝐼 ( 𝑥, 𝑦, 𝑧 ) ) , (4)

here I(x,y,z) denotes the coherence signals of each pixel. As shown in

ig. 11 (a), a new intensity map is stitched by I select (x,y) of all pixels,

herein the nanopillars are surrounded with weak intensity signals. 
6 
The red sampling line is drawn in Fig. 11 (a) for utilizing the intensity

nformation given by 

 𝑖𝑛𝑓 ( 𝑖 ) = 

𝐼 𝑠𝑒𝑙𝑠𝑐𝑡 ( 𝑖 ) 
max 

(
𝐼 𝑠𝑒𝑙𝑠𝑐𝑡 ( 1 ) ⋅ ⋅ ⋅ 𝐼 𝑠𝑒𝑙𝑠𝑐𝑡 ( 𝑖 ) ⋅ ⋅ ⋅ 𝐼 𝑠𝑒𝑙𝑠𝑐𝑡 ( 𝑁 ) 

) − 1 , (5)

here 𝐼 𝑖𝑛𝑓 ( 𝑖 ) represents the intensity information of the i th point on the

ampling line, N is the total number of sampling points on the line, and

 select (i) is defined in Eq. (4) . Due to the shielding of the nanopillars,

 𝑖𝑛𝑓 ( 𝑖 ) obtains the minimums at the edges. 

However, in the golden rectangle of Fig. 11 (a), the edges are blurred

n the groove areas with a high duty cycle. According to the analysis in

ection 2.2 , the contrast information can be utilized for edge localiza-

ion, but it is also invalid in the same groove areas. The combination of

ntensity and contrast information is a method of locating the edges pre-

isely. As illustrated in the inset of Fig. 11 (a), the current point marked

n black is sampled amongst ten adjacent points. The contrast informa-

ion of the current point is calculated as follows: 

 𝑖𝑛𝑓 ( 𝑖 ) = 

[ 
𝑖 − 𝑁 ∑
𝑖 −1 
𝐴𝐿𝐸 𝑃 ( 𝑖 ) − 

𝑖 + 𝑁 ∑
𝑖 +1 
𝐴𝐿𝐸 𝑃 ( 𝑖 ) 

] 
+ 

[ 
𝑖 + 𝑁 ∑
𝑖 +1 
𝐴𝑅𝐸 𝑃 ( 𝑖 ) − 

𝑖 − 𝑁 ∑
𝑖 −1 
𝐴𝑅𝐸 𝑃 ( 𝑖 ) 

] 
, 

(6) 

here i represents the current point, and ALEP and AREP are the ampli-

ude of the left and right envelope peaks, respectively. N is the sampling

ength which is set as 5 in the experiment. According to the contrast in-

ormation, 𝐶 𝑖𝑛𝑓 ( 𝑖 ) also exhibits extremums at the edges. Either ALEP or

REP is set to zero for the normal coherence signals. Determination of

he anomalous coherence signals and extraction of ALEP (or AREP) are

ntroduced in Section 3.3 . 

Finally, the contrast and intensity information are integrated by mul-

iplying the corresponding points between C inf (i) and I inf (i) to highlight

he extremums at the edge. The result of the red sampling line (verti-

al searching path) is shown in Fig. 11 (b). Several maximums and mini-

ums appear in pairs entering and leaving the top surface, respectively.

owever, the anomalous maximum is observed. This position is located

ithin the golden rectangle in Fig. 11 (a) where the duty cycle is high.

herefore, the maximum and minimum values are selected in pairs. 

According to the vertical searching paths, binarization is achieved

ased on edge localization, as shown in Fig. 12 (a). However, the min-

mum interval that can be resolved is 387 nm, corresponding to six

ampling pixels based on this method. Therefore, it is invalid to distin-

uish the critical dimension of the nanopillars and the same conditions

lso appear in transverse searching paths, as shown Fig. 12 (b). To solve

his issue, the results of these two searching paths are superimposed. As

hown in Fig. 12 (c), even if the interval between nanopillars and their

hord length is near the lateral resolution limit of the system (501.9 nm,

ccording to the Rayleigh criterion), they are distinguished precisely. 

The binarization process identifies the current surface for each posi-

ion, while the correct envelope corresponding to this surface is deter-

ined in the anomalous coherence signals. 

.3. Extraction of the effective coherence signals corresponding to the 

orrect envelope 

When located far away from the step edges of nanopillars, the normal

oherence signals contain a single envelope. For the position near the

dges, the anomalous coherence signals contain two envelopes. The fol-

owing process is implemented to identify the anomalous coherence sig-

als and calculate a split point dividing these signals. Next, the effective

oherence signals corresponding to the correct envelope are extracted. 

We propose a novel construction method of wavelet family in the

orlet wavelet transform to achieve this purpose. The mother wavelet

unction is obtained by 

 ( 𝑧 ) = 𝑒 
(
− 𝑧 2 ∕2 

)
𝑒 𝑖 𝜔 0 𝑧 , (7)

here w 0 denotes the centre frequency. By controlling the scaling factor

 , and the shifting factor b , the wavelet family (z,a,b) is constructed
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Fig. 10. Results of pre-filtering: (a) Decomposition results of CEEMDAN; (b) Selected IMF. 

Fig. 11. (a) Stitching intensity map; (b) Result of vertical searching path (normalized to lie within ± 1). 

Fig. 12. Binarization based on edge localization: (a), (b) Vertical and transverse searching paths; (c) Superimposed result. 
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|  
ccording to Eq. (8) . 

 ( 𝑧, 𝑎, 𝑏 ) = 

1 √
𝑎 

[
𝜑 

(
𝑧 − 𝑏 

𝑎 

)
+ 𝜑 

(
𝑧 + 𝑏 

𝑎 

)]
(8)

As shown in Fig. 13 (a), the pink signal is the constructed wavelet

unction containing two branches. By changing the shifting factor b , the

nterval between these two branches varies. The constructed wavelet

unction slides along the coherence signals through convolution. The

roposed wavelet transform function of the coherence signals I(z) is ex-
7 
ressed as 

 𝑇 ( 𝑧, 𝑏 ) = ∫ +∞
−∞ 𝐼 ( 𝑧 ) 𝑑 𝑧 ∫ 𝑖𝑛 𝑡 2 

𝑖𝑛 𝑡 1 
𝜑 ∗ ( 𝑧, 𝑎, 𝑏 ) 𝑑 𝑏, (9)

here 𝜑 ∗ (z,a,b) denotes the conjugate of 𝜑 (z,a,b) , and int 1 and int 2 are

he intervals between the two branches. The scaling factor a is set to be

 constant. 

The wavelet coefficient of the coherence signal is derived from 

𝑊 𝑇 ( 𝑧, 𝑏 ) | = 

√ (
𝑊 𝑇 𝑟 ( 𝑧, 𝑏 ) 

)2 + 

(
𝑊 𝑇 𝑖 ( 𝑧, 𝑏 ) 

)2 
, (10)
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Fig. 13. Results of the wavelet transform: (a) Correct split point; (b) Wavelet coefficients; (c) Incorrect split point owing to small int 1 . 
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Table 1 

Measurement results of the proposed method. 

Nanopillar 

type 

Diameter PM 

(nm) 

Diameter SEM 

(nm) 

Height PM 

(nm) 

Duty 

cycle 

1 595.8 ± 24.6 602.1 ± 20.2 1842.3 ± 29.2 0.24 

2 808.7 ± 56.8 788.9 ± 34.9 1855.5 ± 14.9 0.18 

3 1003.8 ± 40.9 897.0 ± 18.0 1849.3 ± 18.7 0.24 

4 1108.1 ± 29.2 974.0 ± 28.4 1840.4 ± 16.8 0.29 

5 1295.1 ± 36.6 1095.8 ± 29.4 1822.2 ± 19.6 0.36 

6 1365.9 ± 34.9 1189.9 ± 28.3 1818.1 ± 20.7 0.44 

7 1440.0 ± 34.7 1348.6 ± 12.4 1831.4 ± 30.3 0.40 

m  

e  

e

 

s  

a  

n  

l  

e  

t  

n  

t  

i

 

s

𝐷  

w  

t  

F  

o  

n

here WT r (z,b) and WT i (z,b) are the real part and imaginary part of

T(z,b) , respectively. 

Fig. 13 (b) shows the coordinates when the wavelet coefficient at-

ains its maximum. The current sliding position (named as 63 in the

gure) is determined as the split point that divides the anomalous co-

erence signals into two parts. If int 1 is set to an extremely small value,

he constructed wavelet function falls into one part of the signals and

nduces an incorrect split point, as shown in Fig. 13 (c). In the experi-

ent, the suitable int 1 and int 2 are set to be 5 and 25, respectively. For

he normal coherence signals, the maximal wavelet coefficient is lower

han the anomalous coherence signals, owing to the lower correlation

etween the input signals and wavelet functions. Hence, the proposed

ethod can identify the anomalous coherence signals and divide these

ignals automatically. 

.4. Surface topography measurement of nanopillars 

According to the above process, the normal and effective coherence

ignals are determined for surface topography measurement. We imple-

ent Morlet wavelet transform to extract the envelope, and the cubic

pline interpolation to complete the results. Envelope peak positions of

ll the pixels compose the coherence information which is further com-

ined with added phase information to improve the axial measurement

ccuracy. As mentioned in Section 2.1 , the phase information is calcu-

ated using the effective wavelength concerning the obliquity factor: 

 𝑝ℎ𝑎𝑠𝑒 = 

𝜑 

2 ⋅ 𝑘 
, (11)

here k = 2 𝜋/ 𝜆eff, 𝜆eff is the effective wavelength, and 𝜑 corresponds to

he phase of all the pixels. 

These two types of information are integrated by the algorithm, high-

efinition vertical scanning interferometry (HDVSI) [31] . 

. Experimental results 

To confirm the validity and feasibility of the proposed method, the

urface topography of seven types of nanopillars on the metasurface is
8 
easured, and the result is shown in Fig. 14 (a) and Table 1 . The diam-

ter and the height of different nanopillars are detected via scanning

lectron microscopy (SEM) for comparison. 

Two adjacent interferograms in the focal depth range of the top

urface are shown in Fig. 15 (a, b), wherein the images of nanopillars

re blurred compared with the SEM images. The critical dimension of

anopillars and the interval between them are near the lateral resolution

imit. In this case, the anomalous coherence signals impact the coher-

nce peak detection, as mentioned in Section 2.2 . Thus, it is significant

o improve the accuracy of topography measurement for microstructures

ear the lateral resolution limit. In Fig. 14 (a), the topography of seven

ypes of nanopillars is successfully recovered by the method proposed

n this paper. 

In Table 1 , the duty cycle, mentioned in Section 2.2 , indicates the

pace density for the current type of nanopillars: 

𝑢𝑡𝑦 𝑐 𝑦𝑐 𝑙𝑒 = 𝐴 𝑛𝑎𝑛𝑜𝑝𝑖𝑙 𝑙 𝑎𝑟𝑠 ∕ ( 𝑃 𝑒𝑟𝑖𝑜𝑑 _ 𝑋 × 𝑃 𝑒𝑟𝑖𝑜𝑑 _ 𝑌 ) , (12)

here Period_X and Period_Y are periods in two directions, A nanopillars is

he total area centred on the current type of nanopillars, illustrated in

ig. 3 . It is worth noting that these seven types of nanopillars belong to

ne belt located between the same two belts. Thus, the duty cycles of

anopillars in Row 1 and Row 7 are slightly different. 
Fig. 14. (a) Measurement results of the proposed method. (b) Schematic of 

the height assessment. 
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Fig. 15. (a, b) Two adjacent scanning interferograms in the focal depth range of the top surface. (c, d) SEM images. 

Fig. 16. Cross-sectional profile of Line 1 and Line 2 marked in Fig. 14 (a): (a), (b) Profile calculated by the proposed method; (c), (d) Profile calculated by the original 

coherence signals using HDVSI. 
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As analysed in Section 2.2 , the characteristics of the coherence sig-

als vary with the distance from the edges. Different from the assessment

f the step height from a single sampling line, the height of one type of

anopillars is calculated from two crossing sampling lines. The sampled

ositions are marked in Fig. 14 (b), and the height is calculated using 

 = [ ( 𝑎 1 − 𝑏 1 ) + ( 𝑎 1 − 𝑐1 ) + ( 𝑎 2 − 𝑏 2 ) + ( 𝑎 2 − 𝑐2 ) ] ∕4 . (13)

The fidelity of the recovery topography is evaluated from the mea-

ured diameter and height of the nanopillars. The mean value and stan-

ard deviation for a certain type of nanopillar, are calculated based on

ll the nanopillars of the same type in the measured area. In Table 1 ,

he diameters calculated by the proposed method (Diameter PM) are

lightly larger than the SEM results (Diameter SEM) for the nanopillars

n rows 2–7. It is the large duty cycle that causes the narrow space be-

ween the nanopillars. For instance, the smallest interval between two

anopillars is only 391 nm in row 7. In this case, the energy of reflected

ight is exceedingly weak for ensuring a high signal-to-noise ratio of

he coherence signals. This impacts the edge localization and induces a

arger measured diameter. However, the deviations between Diameter

M and Diameter SEM are within 200 nm, and the standard deviation

f the proposed method is near the SEM result. 

Fig. 16 illustrates the measured cross-sectional profiles of two sam-

led lines passing through different nanopillars (marked in Fig. 14 (a)).

s introduced in Section 3.4 , the normal and effective coherence signals
9 
re determined for profile measurement. Comparison is performed with

he profile calculated by HDVSI using the original coherence signals.

ue to the existence of anomalous coherence signals, the measured pro-

le of the nanopillars is distorted compared with the proposed method.

he height of different types of nanopillars is assessed using Eq. (13) and

efined as Height PM in Table 1 . The deviations between Height PM and

EM results (1850 nm) are within 31.9 nm, and the standard deviations

f Height PM are smaller than 30.3 nm which verifies the accuracy and

he repeatability of the proposed method. Given the critical dimensions

f the nanopillars, topography measurement is realized near the lateral

esolution limit. 

. Conclusions 

In this paper, we propose a method for measuring the surface topog-

aphy of microstructures near the lateral resolution limit of CSI. The pre-

ltering process eliminates the offset and noise components in the coher-

nce signals by CEEMDAN. Next, the contrast and intensity information

re integrated by the constructed orthometric searching paths for locat-

ng the edges. Binarization based on edge localization distinguishes the

urrent surface of each position and determines the correct envelope in

he anomalous coherence signals. Morlet wavelet transform with a new

onstruction of the wavelet family provides a split point, dividing the

nomalous coherence signals, and the effective coherence signals corre-
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ponding to the correct envelope are extracted for topography measure-

ent. The consistency of the measurement results between the proposed

ethod and SEM is confirmed, and a height deviation within 31.9 nm is

bserved. In addition, the standard deviation of the detected diameter

nd height by the proposed method is less than 56.8 nm and 30.3 nm,

espectively. Experimental results demonstrate the accuracy and the sta-

ility of the proposed method employed for topography measurement

f space-variant samples. Due to the general trend towards miniatur-

zation, this non-destructive metrology offers significant advantages in

urface topography measurement near the lateral resolution limit, with-

ut introducing any physical upgrade to the instrument. 
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