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Abstract

Rapid full-field surface topography measurement for large-scale wafers remains challeng-
ing due to limitations in speed, system complexity, and scalability. This work presents
a interferometric system based on thin-film interference for high-precision wafer profil-
ing. An optical flat serves as the reference surface, forming a parallel air-gap structure
with the wafer under test. A large-aperture collimated beam is introduced via an off-axis
parabolic mirror to generate high-contrast interference fringes across the entire field of
view. Once the wafer is fully illuminated, topographic information is directly extracted
from the fringe pattern. Comparative measurements with a commercial interferometer
show relative deviations below 3% in bow and warp, confirming the system’s accuracy and
stability. With its simple optical layout, low cost, and robust performance, the proposed
method shows strong potential for industrial applications in wafer inspection and online
surface monitoring.

Keywords: thin-film interference; wafer metrology; fringe pattern analysis; non-contact
optical measurement; full-field surface topography

1. Introduction

Wafers are fundamental substrates in semiconductor manufacturing, and even subtle
variations in their surface topography can significantly affect critical processes such as
photolithography and etching, ultimately impacting device performance and production
yield [1,2]. With the ongoing miniaturization of integrated circuit features and the in-
creasing diameter of wafers, accurate and efficient surface topography characterization
has become essential for ensuring quality and functionality in advanced semiconductor
devices [3]. This evolving demand places stringent requirements on metrology systems,
which must achieve micrometer- or submicrometer-level precision over areas spanning sev-
eral hundred millimeters—posing considerable challenges for conventional measurement
techniques [4,5]. As a result, the development of high-precision, high-efficiency, full-field
surface measurement technologies for large-scale wafers holds both significant research
value and practical importance for industrial implementation [6].

Conventional methods for measuring wafer topography are typically classified into
contact-based and optical approaches. Contact profilometers provide good measurement
accuracy but are hindered by slow scanning speeds and the risk of mechanical damage to
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delicate wafer surfaces [7]. Atomic force microscopy (AFM), while capable of nanometer-
scale resolution, suffers from limited measurement range and low throughput, making
it unsuitable for full-field inspection of large wafers [8]. These limitations have shifted
focus toward optical metrology, which offers non-contact, high-speed, and high-precision
measurement capabilities suitable for industrial environments [9].

Several optical methods have been developed for three-dimensional surface topog-
raphy measurement, including laser confocal microscopy [10], digital holography [11],
structured light projection [12], and optical interferometry [13]. Laser confocal systems
offer excellent vertical resolution and immunity to stray light, yet their point-by-point
scanning mechanism restricts measurement efficiency. Digital holography enables rapid,
full-field acquisition with high spatial resolution but is vulnerable to phase noise and sys-
tem complexity, particularly when employing multi-wavelength configurations. Structured
light projection supports large-area measurements but often lacks the vertical resolution
required for accurate wafer surface characterization. Among these techniques, optical
interferometry stands out due to its high vertical accuracy, fast imaging speed, simple
system architecture, and strong environmental stability [14]. Recent developments in in-
terferometric techniques have significantly advanced wafer metrology, with innovations
such as vertical-state wavelength-tuned interferometry enabling distortion-free wafer pro-
filing [15], single-shot dual-wavelength configurations overcoming phase ambiguity [16],
and adaptive scanning strategies improving efficiency for high-aspect-ratio structures [17].
However, achieving rapid and precise full-field measurements over large-scale wafer areas
remains a critical technical challenge for interferometric systems [18,19].

To overcome these challenges, we propose a thin-film interference-based measurement
system designed specifically for the rapid and accurate characterization of large-scale wafer
surface topography. The system utilizes an optical flat as the reference surface and employs
an off-axis parabolic mirror to introduce a large-aperture collimated beam, which generates
high-contrast interference fringes across the wafer surface. For accurate and efficient data
extraction, we develop an optimized interferogram processing workflow incorporating
fringe skeleton extraction and a novel fringe order determination algorithm suitable for
complex fringe patterns. The surface profile reconstruction is achieved using polynomial
fitting, enabling full-field topography mapping. Experimental validation on both 2-inch and
4-inch wafers demonstrates the system’s high accuracy, stability, and scalability, confirming
its potential as a practical and robust solution for in-situ, high-precision wafer surface
metrology in semiconductor manufacturing.

2. Measurement Principle

The measurement system primarily consists of a laser source, a beam-expanding lens,
an off-axis parabolic mirror, an optical flat, the wafer under test, a precision displacement
stage, a camera, and a computer processing unit. The overall working principle is illustrated
in Figure 1. A laser is used as the coherent illumination source. The emitted laser beam is
first expanded by the beam-expanding lens and then collimated by the off-axis parabolic
mirror to form a large-aperture collimated beam. The beam diameter can be flexibly
configured according to the size of the wafer to ensure uniform illumination over the entire
wafer surface.

During the measurement process, the optical flat functions as the reference plane,
while the wafer under test is placed slightly above it, forming a parallel air-gap thin-film
structure between the two surfaces. According to the principle of thin-film interference,
variations in the thickness of this air gap correspond directly to local height differences on
the wafer surface. These thickness differences cause phase shifts in the reflected light beams
from the wafer and the reference surface, resulting in interference fringes with spatially
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varying intensity. In other words, topographic undulations on the wafer modulate the
phase difference between the interfering beams, producing a fringe pattern that encodes the
surface height information. To capture the interference fringes, the system employs a mirror-
type projection screen, onto which the interference pattern is reflected and then imaged
by the camera in real time. This indirect imaging configuration offers several advantages:
it attenuates direct laser intensity to protect the camera, decouples the imaging axis from
the measurement axis to simplify system integration and allow future extensions, and
improves optical compatibility with the camera lens to ensure uniform fringe contrast and
clarity. This design enhances the system’s overall robustness and scalability. To suppress
the influence of ambient light on fringe visibility, a black light-shielding curtain is used
to isolate the setup from external illumination. The captured alternating bright and dark
fringes contain detailed information about the wafer’s surface profile, which is subsequently
analyzed by the computer to reconstruct the topography quantitatively.
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Figure 1. Schematic diagram of measurement system (a) System schematic, (b) Thin-film interference
principle, (c) Off-axis parabolic mirror-based beam expansion and collimation module.

As illustrated in Figure 1b, a monochromatic beam with wavelength A is incident from
air (refractive index n) onto the surface of the optical flat (refractive index n1) at an angle of
incidence &, which is typically set between 15° and 20°. The beam is refracted at an angle
upon entering the optical flat, and the relationship between « and 5 follows Snell’s Law:

nsina = ny sin B 1)

Since an air film gap with a thickness d is formed between the wafer’s measured
surface and the optical flat’s reference surface, the incident light is reflected at the wafer’s
measured surface and the optical flat’s reference surface, respectively. According to the
geometric configuration shown in Figure 1b, the geometric optical path difference J between
the two reflected beams, which gives rise to interference, is expressed as:

0 =n(AB+ BC) —n; ACsina (2)

Given that the air gap d is typically very small, the path lengths of AB, BC, and AC
can be approximated using trigonometric relations:

AB~ BC = % AC =2ABsinx = 2d tanw 3)

cos
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Substituting these approximations into Equation (2), and considering the half-wave
phase loss due to reflection, the total optical path difference ¢ can be simplified to:

A
J:Zdncosoc—i—i 4)

According to the principle of optical interference, constructive or destructive inter-
ference occurs depending on whether the optical path difference satisfies the following
conditions:

kA, fork=1,2,... (bright fringe)

5=
kA + %)\, fork=1,2,... (dark fringe)

)

Points on the wafer surface that lie along the same fringe (i.e., share the same fringe

order k) correspond to equal air-gap thickness and therefore represent equal height levels.

Combining Equations (4) and (5), the surface height difference Ad between adjacent bright
(or dark) fringes is given by:

A A
Ad = 5 = (6)
neosk 2, /n2 — n?sin® B

This expression shows that the vertical spacing between adjacent interference fringes
reflects the local surface height variation on the wafer, and is determined by the incident
wavelength, incidence angle, and refractive indices of the media. By assigning a reference
height to the zero-order fringe and sequentially determining the fringe order across the
pattern, the relative height of each fringe can be calculated. In this way, the full-field surface
topography of the wafer can be reconstructed from the interference fringe distribution.

3. Surface Topography Reconstruction
3.1. Fringe Order Determination

Based on the measurement principle described above, interference fringe patterns
that encode the wafer’s surface topography can be acquired through the imaging system.
To reconstruct the three-dimensional surface profile, it is essential to accurately determine
the order of each fringe, which represents a relative height level within the optical path.
This process requires extracting structured fringe information from the raw image and
translating it into quantitative topography. Given the complexity, noise, and morphological
variability of real fringe patterns, a robust and well-structured image processing workflow
is critical for reliable order assignment.

The first stage of fringe analysis involves segmenting the fringe regions from the
background. Global thresholding often fails under uneven illumination or weak contrast,
which are common in full-field interferograms. Therefore, a local adaptive thresholding
algorithm, specifically the Niblack method [20], is employed to improve segmentation
robustness. This method computes a unique threshold for each pixel based on the local
mean y and standard deviation ¢ of grayscale values within a defined neighborhood
window, using the formula T' = u + ko, where k is typically set to —0.2. This approach
effectively adapts to varying fringe intensities and suppresses noise, ensuring that both
bright and dim fringes are correctly segmented.

After binarization, a thinning operation is performed to extract the centerlines of all
fringe regions. The Zhang-Suen algorithm [21]) is selected for this task due to its ability
to iteratively remove peripheral pixels while preserving the structural connectivity of the
binary image. The thinning process ensures that the width of each fringe is reduced to a
single pixel, simplifying subsequent morphological analysis. In addition, morphological
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filters such as spur and bridge removal are applied to break spurious connections (e.g.,
short branches or H-bridges) and to improve skeleton continuity. The resulting fringe
skeletons preserve the topological structure and spatial trajectory of the original fringes,
while greatly reducing data redundancy.

With the skeletons extracted, each fringe is identified as a connected domain. A crucial
step is to assign a fringe order to each segment relative to a designated zero-order fringe,
which serves as the reference height. Traditional traversal-based methods are often sensitive
to scanning direction, image rotation, and fringe grouping, which can result in inconsistent
or inaccurate order labeling, particularly in images that contain a mixture of open and
closed fringe types.

To overcome these challenges, this study introduces a classification method based on
image-connected domains. The approach evaluates the morphological characteristics of
each connected region to enable robust and rotation-invariant fringe order assignment. In
particular, the aspect ratio of the minimum bounding rectangle is employed as the primary
criterion to distinguish between closed and non-closed fringes. Closed fringes, such as
those resembling Newton rings, typically display low aspect ratios due to their isotropic
geometry, whereas non-closed fringes, including linear or arc-shaped patterns, tend to
exhibit higher aspect ratios resulting from their elongated structure.

These characteristics are illustrated in Figure 2, which shows actual examples of fringe
classification. In the image, region ‘a’ represents a group of nearly circular closed fringes
with low aspect ratios, while region ‘b” highlights elongated, non-closed linear fringes
associated with wafer warpage. The figure demonstrates how morphological features can
effectively distinguish fringe types for order assignment.

Figure 2. Grading of actually acquired interference images.

The region area is used as an auxiliary feature to further distinguish fringe instances
within each group. For closed fringes, segments are ranked by ascending area, based on
the assumption that smaller fringes correspond to lower fringe orders. For non-closed
fringes, area and spatial continuity are jointly considered. In cases where non-closed fringes
resemble closed loops and deviate from expected trends, an adaptive aspect ratio threshold
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is introduced to reclassify such segments correctly. This improves the robustness of the
classification process and ensures accurate fringe sequencing.

Following classification and ordering, the optical path difference between each fringe
and the reference is calculated based on fringe order and known system parameters.
This difference is then mapped to relative surface height using the interference equation
described in Section 2. The output is a sparse but structured height map aligned with
the fringe skeletons, which serves as the input for the subsequent surface reconstruction
process.

In summary, the fringe order determination pipeline uses adaptive thresholding,
skeletonisation, morphological classification and image-connected domain-based ranking
to provide an automated, accurate and robust method of analysing complex interference
patterns.

3.2. Surface Profile Reconstruction

Following fringe order determination, the relative height differences corresponding
to bright fringes of different orders can be calculated based on the thin-film interference
principle, using the zero-order fringe as the reference plane. This process yields discrete
height data along the skeleton lines of the interference fringes. However, since these
skeletons are derived from binarized and thinned images, the resulting data only occupy a
subset of pixels in the image, leaving extensive background regions unassigned. Applying
global surface fitting directly, or simply excluding zero-value regions prior to fitting,
typically leads to discontinuous surfaces that lack physical consistency.

To address this limitation, a surface reconstruction method combining skeleton-based
interpolation and polynomial surface fitting [22] is proposed. The workflow of the algo-
rithm is shown in Figure 3, and includes the following key steps:

G R p—

Call the connected domain data to
calculate the aspect ratio of each

Calculate the minimum enclosing
rectangle area

circumscribed rectangle
Image cropping, enhancing,
denoising and other processing i
l The aspect ratio is Sort by rectangle size
greater than the set value
Image binarization processing with
Niblack Algorithm
- l - Sort by aspect ratio value
Extraction of striped skeleton lines
by image thinning with Zhang-Suen
Algorithm l
l Synthesize sorting results to
redefine all connected domain label ;
immi i i values
Image trimming with functions Fill grid point data with linear
such as h-break\spur\bwareaopen A .
interpolation
l Calculate the relative height
difference between interference
Determine and arrange the order of e Build a polynomial fit function and
each interference fringe l calculate the coefficients of each
term with Isqcurvefit function
l Define height values for
. interference fringe skeleton lines
Label all connected domains in the
image with the bwlabel function Create a fitted surface with the Surf
function
l Extract non-zero data to construct
Mark the smallest bounding data grid
rectangle of all connected domains I— End
with the regionprops function

I

Figure 3. Algorithm flow chart of surface profile reconstruction.
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(1) Skeleton Point Extraction and Grid Construction: Grayscale values and their
corresponding two-dimensional spatial coordinates (X, Y) are extracted from all non-zero
pixels in the interference image and stored in three separate vectors. A 2D spatial grid
covering the full image domain is then generated based on the coordinate ranges.

(2) Interpolation-Based Expansion: Known height values along the fringe skeletons
are mapped onto the corresponding grid points. Linear interpolation is applied to estimate
height values for the unassigned grid nodes, resulting in a dense, quasi-continuous dataset
of surface points.

(3) Surface Fitting: Using the interpolated height data, a polynomial surface model
is constructed. A parametric array containing the coefficients of polynomial terms is
generated, and the optimal model parameters are determined via least-squares fitting.
This yields a smooth, continuous surface that accurately represents the wafer’s topography.

This reconstruction approach maintains the physical meaning of the fringe order dis-
tribution while significantly improving the smoothness and continuity of the final surface.
It is particularly well-suited for dense fringe patterns in large-scale wafer interferograms,
enabling accurate and reliable topography reconstruction.

4. Experiment Setup

To verify the feasibility and stability of the proposed full-field rapid surface topog-
raphy measurement scheme for large-scale wafers, a physical experimental platform was
constructed, as shown in Figure 4.

90 Off-axis
Parabolic Mirror

T *

Displacement Stage '

Figure 4. Wafer Surface Topography Measurement System.

The system was developed through systematic configuration and parameter opti-
mization of its core components. A laser module (E635-2-3-20) with a central wavelength
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of A = 635 nm, output power of 2 mW, and beam diameter of 20 mm was used as the
coherent light source. Its high wavelength stability and spatial coherence satisfy the pre-
cision requirements of interferometric measurements. A high-precision optical flat with
a diameter of 300 mm and thickness of 40 mm served as the reference surface, featuring
surface flatness of 0.08 um (upper face) and 0.15 um (lower face), and a parallelism of
30 arcsec, providing a stable and accurate interference reference plane.

A 4-inch off-axis parabolic mirror with a deviation angle of 90° and a focal length
of 101.6 mm was employed to convert the expanded laser beam into a collimated beam
with a diameter of approximately 100 mm, enabling uniform illumination of both 2-inch
and 4-inch wafers. For image acquisition, the a2A2590-60umBAS Basler ace 2 R camera
(Basler AG, Ahrensburg, Germany) with a resolution of 2592 x 1944 pixels, pixel size of
2 um X 2 um, and a frame rate of 60 fps was utilized to provide high-definition imaging
with excellent dynamic response. The imaging system was completed with a Basler Lens
C125-0618-5M-P (Basler AG, Ahrensburg, Germany) featuring a focal length of 6 mm,
which offers a field of view of 160 mm x 120 mm at a working distance of 170 mm, meet-
ing the full-field imaging requirements for localized wafer regions. Overall, the system
demonstrates a compact and integrated structure with well-matched optical and mechani-
cal parameters, achieving a balance between high-precision interferometric imaging and
practical engineering implementation. This platform establishes a reliable foundation for
subsequent interference image processing and wafer surface topography reconstruction.

5. Results and Discussion

To evaluate the reliability and accuracy of the proposed interferometric measure-
ment method, two single-side polished silicon wafers of different sizes were selected as
experimental samples. Sample 1 was a 2-inch wafer, and Sample 2 was a 4-inch wafer,
both featuring single-side polished surfaces whose polished sides were measured in the
experiments. A commercially available interferometric instrument with a similar work-
ing principle, namely Tropel Flatmaster MSP 150 (Corning, New York, NY, USA), was
employed as the reference system for performance benchmarking. This device utilizes
step-by-step laser interferometry and enables the measurement of surface parameters such
as flatness, thickness, and warpage for wafers up to 6 inches in diameter. Its specifications
include a measurement accuracy of approximately 60 nm, a z-axis resolution of 1 nm, and
a repeatability of 20 nm.

Due to the oblique incidence of the probing beam, the spacing between adjacent inter-
ference fringes does not correspond linearly to physical height differences. Moreover, the
captured fringe patterns are subject to geometric distortion, including elliptical deformation
and spatial compression, which affect both fringe interpretation and surface reconstruction
accuracy.

To address these issues, the system undergoes a comprehensive calibration procedure
prior to measurement. Geometric calibration is first performed using a planar dot-array cal-
ibration target, enabling the construction of a projective transformation model. This model
corrects perspective-induced distortion in the captured images, ensuring that the spatial
positions of the fringe skeletons correspond accurately to real-world surface coordinates.

In addition, to establish a reliable correspondence between fringe order differences
and actual physical height values, an experimental calibration is performed using the
commercial reference interferometer (Tropel Flatmaster MSP 150). The reconstructed
surface profiles obtained from the proposed system are aligned with those measured by
the reference instrument under identical conditions. Based on this comparison, a scaling
factor known as the influence coefficient is determined. This coefficient is subsequently
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applied to all measurement data to convert relative optical path differences into accurate
absolute height values.

The combination of geometric rectification and empirical height scaling ensures both
the spatial fidelity and quantitative accuracy of the reconstructed topography, thereby
enhancing the robustness of the proposed system for wafer surface metrology.

The comparative results for Samples 1 and 2, measured using both systems, are
presented in Figures 5-8. The left side of each figure shows the raw interferograms captured
by the camera, with the red line in the diagram representing the wafer’s orientation
flat. Slight edge shadowing, caused by the oblique camera view, is observable but does
not compromise the accuracy of the reconstructed surface topography. These artifacts
were effectively suppressed through subsequent image processing procedures, including
binarization and thresholding.

Z/ym

Figure 7. Sample 2 (4-inch wafer) measured by the proposed system.
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Figure 8. Sample 2 (4-inch wafer) measured by the Tropel Flatmaster MSP 150.

During testing, the wafers were aligned using their orientation flats and placed at
consistent measurement positions. Each sample was measured ten times under identical
conditions. The surface height variation—defined as the height difference between the peak
of the reconstructed surface profile and the reference plane—was used as the evaluation
metric to quantify consistency between the two systems. For Sample 1, the proposed
method yielded a mean height variation of 6.233 pm, while the reference instrument
reported 6.309 um. For Sample 2, the measured values were 14.359 um and 14.755 um,
respectively.

These experimental results demonstrate that the interference fringe images acquired by
the proposed system maintained stable quality, and the reconstructed surface topographies
closely matched those obtained using the reference instrument. The proposed system
exhibited excellent repeatability and measurement precision, confirming its feasibility and
practical applicability for high-accuracy surface topography measurement of large-scale
wafers.

Furthermore, the proposed measurement method and its corresponding image pro-
cessing algorithms exhibit significant advantages in processing efficiency compared to
the selected reference instrument. Taking Sample 1 as an example, the proposed system
required an average of less than 1 minute per measurement cycle—from interferogram
acquisition to surface topography reconstruction—whereas the reference device required
more than 10 minutes for the same task. For Sample 2, the proposed method achieved
an average processing time of under 2 minutes, in contrast to over 15 minutes for the
reference instrument. These results highlight the system’s capability for rapid full-field
surface characterization, significantly enhancing measurement throughput for large-scale
wafers.

To further assess the completeness and accuracy of the measurement results, four
standard surface topography parameters commonly used in silicon wafer quality evaluation
were employed: BOW, WARP, TTV and SORI. These metrics offer quantitative descriptions
of key geometric characteristics of the wafer surface. Figures 9 and 10 presents the statistical
results obtained from repeated measurements on both Samples 1 and 2 using the proposed
system.

As shown in Figures 9 and 10, for Sample 1, the measured average values of BOW,
WARP, TTV and SORI were —3.812 um, 6.394 um, 5.453 um, and 6.360 um, respectively.
The corresponding standard deviations ranged from 0.106 um to 0.363 pum, indicating high
measurement stability. For Sample 2, the corresponding average values were —10.350 um
(BOW), 14.570 pm (WARP), 8.816 pm (TTV), and 14.652 pm (SORI), exhibiting standard
deviations between 0.182 um and 0.296 um, which confirms the system’s reliability for
practical wafer quality assessment. Additionally, comparative evaluations between the
proposed method and the reference instrument, as summarized in Tables 1 and 2.
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Table 1. Comparison of measurement results between proposed system and reference instrument for

Sample 1.
Parameter BOW WARP TTV SORI
Proposed (um) —3.812 6.394 5.453 6.360
Reference (um) —3.883 6.436 5.497 6.399
Deviation (um) 0.071 0.042 0.044 0.039
Relative error (%) 1.83 0.66 0.80 0.61

Table 2. Comparison of measurement results between proposed system and reference instrument for

Sample 2.
Parameters BOW WARP TTV SORI
Proposed (um) —10.350 14.570 8.816 14.652
Reference (um) —10.256 14.818 9.003 14.810
Deviation (um) 0.094 0.248 0.187 0.158
Relative error (%) 0.92 1.67 2.07 1.07
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As shown by the comparative data in Tables 1 and 2, the measurement results obtained
from the proposed system are highly consistent with those of the reference instrument.
For Sample 1, the absolute deviations of all four evaluation parameters were less than
0.1 pm, with the maximum relative error not exceeding 1.83%. For Sample 2, the absolute
deviations of the corresponding parameters were all within 0.25 um, and the maximum
relative error remained below 2.07%. These results clearly demonstrate that the proposed
thin-film interference-based surface topography measurement system achieves high mea-
surement accuracy, along with excellent repeatability and system stability.

In summary, the experimental results confirm that the proposed system enables full-
field rapid surface topography measurement for wafers within a 100 mm field of view,
achieving a measurement accuracy on the order of 0.25 um. The designed interferogram
processing workflow and surface reconstruction algorithm effectively extract fringe struc-
tures and accurately reconstruct three-dimensional surface profiles. The system consistently
meets the expected precision and error control requirements. Moreover, compared with
conventional contact or scanning-based measurement techniques, the proposed method
exhibits clear advantages in measurement efficiency. It provides a high-resolution, non-
contact, and efficient solution for rapid wafer quality assessment during semiconductor
manufacturing processes.

6. Conclusions

We have presented a non-contact, full-field wafer surface measurement system based
on thin-film interference, designed for rapid and high-precision topography characteri-
zation. The optical configuration, integrating an off-axis parabolic mirror, enables single-
exposure acquisition over a 100 mm field of view. A fringe order determination method
based on image-connected domains improves the robustness of fringe analysis in complex
patterns. Together with tailored image processing and surface reconstruction algorithms,
the system achieves a measurement accuracy better than 0.25 um and sub-micron verti-
cal resolution, with results in close agreement with those from a commercial reference
instrument. The approach combines simplicity, scalability, and cost-effectiveness, making
it well suited for high-throughput wafer inspection in industrial settings. Future work
will address extending the measurement capability to larger wafer sizes by employing
larger optical components and implementing a stitching-based method to further enhance
scalability.
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