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Abstract:

Digital holographic microscopy (DHM) enables the reconstruction of three-dimensional surface profiles with
nanometre-scale axial resolution. However, measurement accuracy may be compromised by phase distortions arising
from the spherical aberration of the microscope objective lens and by imperfections in other optical components. In
this study, we propose a method that combines a Shack-Hartmann wavefront sensor (SH-WFS) with a reference -
mirror arrangement, integrated within a telecentric optical system for phase compensation. This hybrid approach,
which melds physical calibration with digital correction, simultaneously reduces both global and local system errors.
Consequently, it achieves precise phase correction without complex manual adjustments and maintains high stability
when switching between samples. Experiments were conducted using surface-roughness standards with arithmetic
mean surface roughness values (Sa) of 20.3 and 11.6 nm, measured using a ZeGage™ Pro surface-scanning device.
The results showed good agreement with the reference values provided by the ZeGage™ Pro, thereby confirming
the effectiveness of the proposed method. Overall, this technique markedly improves measurement accuracy in
DHM and underpins the development of highly automated measurement systems, offering promising applications
in precision optics.
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1. Introduction

Digital holographic microscopy (DHM) integrates
holographic techniques with a conventional microscope
system. Since its emergence in the early 21% century,
DHM has attracted considerable interest from research
groups worldwide. Unlike traditional microscopes, DHM
employs digital holography to magnify specimen images
while simultaneously capturing both phase and intensity
information in a single hologram frame in the off-axis
configuration used here. The phase data extracted from the
hologram correspond directly to the surface depth of the
object, as determined by the wavelength of the illuminating
light. Consequently, DHM can achieve axial resolution on
the order of several nanometres without requiring physical
contact with the sample. Its simple system design, rapid
measurement speed and high data throughput are key
advantages [1-13]. These strengths have rendered DHM a
powerful tool across diverse applications, including quality
control of micro-electromechanical systems (MEMS)
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and micro-opto-electromechanical systems (MOEMS)
[7-9], three-dimensional surface-contour measurements
in precision machining [10, 11], and the detection and

monitoring of changes in biological tissues [12, 13].

In both transmission and reflection configurations, the
microscope objective (MO) plays a crucial role; however, it
is also the principal source of phase distortion - particularly
spherical aberration - which compromises measurement
resolution and precision [5, 6, 14]. Misalignment between
the hologram image plane and the receiver plane introduces
further phase errors during object-surface reconstruction
[15, 16]. Axial and transverse misalignment of optical
components, together with their inherent quality, exacerbate
these distortions [16, 17]. Phase aberrations may arise in
both the reference and object arms of a DHM system [15,
16]. Proposed mitigation strategies generally fall into two
categories: physical optical methods [4, 5, 18] and digital
correction techniques [6, 14, 19]. Physical approaches
principally target the spherical aberration introduced by the
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MO by incorporating compensating optical elements such
as electrically tunable lenses that generate a phase profile
cancelling the distortion in the object arm or replicating it
in the reference arm, thereby minimising phase error for
highly reflective samples. Nevertheless, the integration
of additional elements into the DHM system cannot fully
correct high-order aberrations, leaving residual distortions.
Conversely, digital methods-such as digital phase masks,
simultaneous exposure techniques and synchronized
acquisition-construct virtual phase maps to compensate
for system aberrations. These methods depend on accurate
system calibration and finely sampled data in conjunction
with simulated phase-compensation algorithms, but they
remain sensitive to noise and prone to error when the object
is displaced from the reference plane, yielding reduced
measurement precision. More recently, machine-learning
techniques have emerged as a promising alternative for
phase compensation [20-22]; however, they typically
require large training datasets, posing practical challenges
in DHM systems where rapid processing and high accuracy
are essential.

Physical phase compensation utilising an infinity-
corrected DHM configuration (4f system) has been shown
to reduce spherical aberration caused by the MO effectively
[14, 16, 18]. Yet previous studies have not introduced
quantitative methods for measuring or correcting the
residual phase components arising from the MO and other
optical elements. In this work, an SH-WFS is employed to
calibrate the system via direct wavefront measurement and
analysis. A precision flat reference mirror is positioned in
the object path to monitor and correct phase tilt resulting
from angular misalignment between the sample and
the optical axis. This mirror also ensures stable relative
positioning across different samples by detecting deviations
between the interference fringes produced by the mirror
and those from the test object. Although physical alignment
techniques substantially reduce system-induced errors,
residual phase components such as tilt, curvature and high-
order aberrations persist owing to mechanical limitations
and the finite quality of optical components.

Here, we propose a hybrid compensation method to
address phase aberrations arising from MO characteristics,
system misalignment and component imperfections. A
flat reference mirror serves as a target object to acquire a
comprehensive phase-error map reflecting the cumulative
aberrations of the entire system. The wavefront data
obtained from the SH-WEFS are decomposed into Zernike
polynomials, accurately representing common aberration
types, including tilt, defocus and higher-order distortions.
The object’s reconstructed phase map is then corrected by
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subtracting the total measured distortion, enabling accurate
recovery of the true object phase. This integrated physical-
digital approach simultaneously reduces both global
and local system errors, yielding a reconstructed three-
dimensional surface that more faithfully represents the
true geometry of the measured object. Moreover, the SH-
WES data provide real-time feedback for system alignment
optimisation, further minimising phase-error accumulation
and enhancing overall measurement accuracy.

The theoretical foundation of the proposed phase-
compensation procedure is outlined in Section 2. To validate
its effectiveness, experiments were conducted using an
MO with a 10 mm focal length. As detailed in Section 3,
surface measurements on standard roughness samples with
Sa values of 20.3 and 11.6 nm demonstrate the advantages
of the proposed method.

2. Theoretical basis of the phase compensation
technique

2.1. Phase aberration correction via 4f system
alignment

In the DHM system shown in Fig. 1, the MO is
indispensable for image magnification. However, it also
constitutes the primary source of spherical phase aberration.
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Fig. 1. Principle of the infinity-corrected DHM system
(4f configuration). L: lens; BS: beam splitter; MO:
microscope objective; PH: pinhole; S: specimen (object under
measurement); M: flat mirror; Ref: reference wave; Obj: object
wave. CIS: camera’s image sensor; WFS: wavefront sensor.
Source: The authors.

Under the paraxial approximation, the MO-induced
spherical phase transformation can be mathematically
expressed as follows [23]:

e
1 2 (1)

=(2-n)kA +§(x2 + yz)
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where A represents the wavelength of the light source, and
k = 2m/)A is the wave number. R, and R, denote the radii
of curvature of the MO’s two spherical surfaces, while #,
A, and f correspond to the refractive index, thickness, and
focal length of the MO, respectively. From Eq. (1), as f
approaches infinity (=), in the afocal system formed by
the compensating lens and the MO, the spherical phase
term ¢, ~(2-n)k4 becomes constant, indicating that the
spherical phase distortion can be effectively eliminated.

To employ the MO for image magnification without
altering the phase of the incident light, a straightforward
optical arrangement known as the 4f system (Fig. 1) is used.
In this configuration, the specimen (S) is positioned at the
front focal plane of the MO. A compensating lens (L) is then
arranged so that its front focal plane coincides with the rear
focal plane of the MO, and the camera’s imaging sensor (CIS)
is located at the rear focal plane of L. The combined action
of the MO and L thus behaves as a lens with an effective
focal length of infinity, reducing aberrations introduced by
the MO [4, 5, 14, 18]. Additionally, a pinhole is placed at the
shared focal plane of L and the MO; it serves as a spatial-
frequency low-pass filter, selectively blocking unwanted
spatial frequencies according to its aperture size [24].

2.2. Phase aberration observation and removal using a
wavefront sensor

Accurate reconstruction of the object’s three-dimensional
surface profile using the 4f system shown in Fig. 1 requires
that the object and reference waves be perfectly collimated,
ensuring both beams remain parallel as they propagate
through the optical system [4, 5, 14, 18]. To meet this
requirement, the reference and object waves are maintained
under identical environmental conditions, and the reference
wave is collimated by adjusting the relative positions of
the MO and lens L. Even under these conditions, residual
aberrations may persist in the object wave owing to
misalignment and imperfections in the optical components
[16, 17,19, 22].

Tominimise phase aberrations in both waves, a calibration
procedure is routinely carried out. The collimation quality
of the reference wave is assessed using a Shack-Hartmann
wavefront sensor (SH-WFS). The SH-WEFS is placed at
the position of mirror M in Fig. 1, with its surface plane
perpendicular to the incident reference beam. The sensor’s
image array records the resulting spot pattern. The
wavefront map which was analysed via Zernike-polynomial
or spherical-fitting methods is used to determine the radius
of curvature (RoC) and flatness deviation. The reference
beam is considered well-collimated when the wavefront
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flatness and the Zernike coefficient Z, approach zero, and
the RoC is very large. In this study, a RoC exceeding 22
metres is adopted as the criterion for acceptable collimation
quality [25].

An analogous calibration is performed for the object
wave. A precision flat mirror serves as the sample (S), and the
SH-WES captures the object-wavefront. By positioning the
SH-WFS at the CIS location, the reference beam reflected
from mirror M is blocked. The measured wavefront is then
used to assess both the quality of the object wave and the
surface structure of the flat mirror.

The cumulative phase aberration of the object wave
comprises contributions from the reference-beam aberration,
imperfections in the 4f system and optical aberrations of
other system components. Consequently, adjustment of the
relative positions of the object mirror, the MO and lens L
allows optimisation to achieve the best possible wavefront
flatness for the object wave.

3. Three-dimensional object profile reconstruction
using digital off-axis holography and digital phase
compensation

3.1. Phase map of object observation using digital off-
axis holography and the Fourier transform method

A right-handed Cartesian coordinate system Oxyz is
defined, with the Oz-axis aligned along the optical axis
connecting the centres of the two lenses (the MO and L), as
shown in Fig. 1. The Oxy-plane corresponds to the imaging-
sensor plane of the CIS camera, its origin O coinciding with
the central pixel. The object plane is assumed to be parallel
to the Oxy-plane. The hologram recorded at each pixel of
the CIS is then described by the following equation [23]:

101,) Uy [ +1U ) 421U U x.3) | 008[g (1) -0 (13)] (2)

where ¢,,(x, y) and ¢, (x, y) represent the phases of the
object wave and the reference wave, respectively, and

(pH(X,y):(pOH(X,y) - (POR(an’):2Z(xay)k+(Pc(xay)+(PA(x»Y) (3)

where ¢, (x, y) is the phase extracted from the hologram, z(x,
) is the object’s depth, ¢ (x, y) is the phase owing to the
inclination of the reference mirror relative to the Oxy-plane,
and ¢ (x, y) is the aberration phase caused by imperfections
in the object arm.

From the object hologram recorded by the CIS (Eq.
(2)), the complex amplitude and phase of the object can
be reconstructed following the procedure shown in Fig. 2,
which involves four steps as implemented in [26]:

Vietnam Journal of Science,

Technology and Engineering




m PHYSICAL SCIENCES | PHYSICS, ENGINEERING

Step 1: Apply a Fourier transform to the recorded
hologram, as depicted in Fig. 2A. The resulting spectrum
includes the real image, the virtual image, and the zero-
order term, as shown in Fig. 2B.

(A) (B) (C)

Real Image

b |
r * ~ Zero Image
1

(D) (E)

a

Fig. 2. Fourier transform method for reconstructing the
object profile from the recorded hologram. (A) Recorded
hologram of the object; (B) Frequency spectrum of the hologram;
(C) Isolated object information using a spatial frequency band-
pass filter; (D) Inverse Fourier transform producing the object’s
intensity image and wrapped phase; (E) Unwrapped phase of
the object, which still contains the residual tilt phase component
¢,,(x, y). Source: The authors.

Step 2: Apply a spatial frequency band-pass filter to
isolate the real image component from the full hologram
spectrum. Then, shift this filtered component to the centre
of the frequency domain, as shown in Fig. 2C. At this
stage, the tilt of the reference phase ¢, (x, y) is effectively
removed [27].

Step 3: Perform an inverse Fourier transform on
the centred real image (Fig. 2C) to obtain the object’s
intensity image and its corresponding phase map, as
shown in Fig. 2D.

Step 4: The initial object phase obtained in Fig. 2D
contains 27 discontinuities (wrapped phase). This wrapped
phase is unwrapped to produce a continuous phase
distribution, as shown in Fig. 2E.

Notably, the phase component ¢ (x, y) in Eq. (3) is
automatically removed from the object phase ¢,(x, y) by
shifting the real-intensity image of the object to the centre
of the frequency domain [28]. Additionally, the aberration
in the phase ¢ (x, y) can be further eliminated from ¢, (x, y)
using the phase map obtained by the SH-WFS, as described
in Section 2.2.
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3.2. Reconstruction of the object’s 3D profile with
phase aberration compensation

To accurately extract the depth information z(x,y) from
Eq. (3), the phase aberration ¢ (x, y) must be minimised
and removed from the measured phase ¢,(x, y). As outlined
in Sections 2.1 and 2.2, ¢ (x, y) arises from imperfections
in the collimated beam, misalignment between the MO and
lens L, and optical aberrations in the system components
shown in Fig. 1. Consequently, ¢ (x, y) can be characterised
using the SH-WFS with a precision flat mirror as the
reference object. Once ¢ (x, y) has been determined by the
SH-WEFS, (Section 2.1), the phase of the object mirror can
be expressed using the following equation:

(p(,[?/-(xv y) = (PH(x’ y) - (PA(xo y) (4)
and the depth information of the object follows from
2(x, y) = 9,,(x, y)/(2k). (%)

Because the reference object is a plane mirror, ¢,(x, y)
may be readily calculated and unwrapped following the
procedure shown in Fig. 2. Based on the optical system
shown in Fig. 1, the aberration phase ¢ (x, y) must be
determined using the object mirror and the SH-WFS. After
replacing the mirror with the actual object, the reconstruction
procedure described in Fig. 2 is repeated to obtain ¢, (x, y),
and Eq. (4) is used to subtract the aberration phase ¢ (x, ).
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Fig. 3. Schematic diagram of the experimental setup.
L,: collimating lens; L,: compensating lens; BS,-BS,: beam
splitters; MO,, MO,: microscope objectives; PH,, PH,: pinholes;
S: measured object; M,-M,: flat mirrors; CIS: camera’s image
sensor; WFS: wavefront sensor; Ref: reference wave; Obj:
object wave. Source: The authors.
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In practice, when the object mirror is replaced with
the actual specimen, the SH-WFS is used both to assess
the collimation of the reference wave and to measure the
phase aberration ¢ (x, y). However, owing to variations in
measurement conditions, it can be challenging to obtain a
highly accurate three-dimensional profile of the object. To
address this, the optical arrangement of Fig. 1 is replaced by
the hybrid setup shown in Fig. 3.

The system depicted in Fig. 3 employs a hybrid physical-
digital phase-compensation strategy designed to minimise
phase distortions introduced by optical components and to
quantify residual phase errors after calibration. First, the
laser source is focused through objective MO, onto pinhole
PH,. Lens L, then collimates the emerging beam into a plane
wave. PHy, positioned at the common focal plane of MOj,
has its diameter optimised to act as a spatial-frequency low-
pass filter, thereby removing high-frequency noise from the
laser emission [6]. The plane wave is split by beam splitter
BS, into two paths: the reference beam (Ref) and the object-
illumination beam.

The Ref beam is further split by the beam splitter BS,.
One portion transmits through BS., reflects off flat mirror
M,, then returns through BS,and BS, to reach BS,. At BS,,
part of this beam proceeds directly to the CIS, while BS,
reflects the remaining portion toward mirror M,. Mirror
M, reflects the beam back through the BS -BS, system,
reaching both the CIS and the WEFS.

The object-illumination beam is focussed through lens
L, into the circular aperture PH, before entering MO,
and beam splitter BS,. BS, divides it into two paths: one
directed to the object surface (S) and the other reflected
towards mirror M3, which serves as a reference surface for
determining the compensating phase of the MO,-L, optical
path. The beam incident on S is collimated and, upon
reflection, returns through the MO,-L, system carrying the
surface information. Since PH; acts as a low-pass spatial-
frequency filter, the emergent beam from L, is a collimated
wavefront bearing the object’s phase information-referred
to here as the object beam (Obj).

The Obj beam passes through beam splitter BS; and is
then split at BS, into two paths: one directed to the WFS
and the other to the CIS. At this stage, the CIS records
the interference pattern between the Ref and Obj beams,
thereby forming a hologram of the object surface S. Mirror
M; introduces a controlled tilt angle 6 between the Ref and
Obj beams by adjusting its orientation. Mirror M,, fixed
and aligned parallel to the WFS and CIS planes, serves as a
geometric reference during sample placement to eliminate
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the tilt phase ¢ (x,y). Mirror M3 is likewise aligned parallel
to M,. When the object is replaced, surface S is carefully
aligned parallel to M, by monitoring the interference fringes
formed between them. This ensures consistent and stable
positioning across different measurement samples.

Figure. 3 illustrates the incorporation of plane mirrors
M, and M, into the optical system to minimise and
characterise the phase aberration ¢ (x, y). By blocking the
light reflected from both the object arm and mirror M,,
the collimation quality of the reference wave from mirror
M, may be assessed using the SH-WFS. Conversely, by
blocking the reference arm and the light reflected from
object S, mirror M, becomes the target, enabling the SH-
WFS to measure ¢ (x, y). When the light from mirrors M,
and M, is blocked, the CIS records the hologram formed
by interference between object S and the reference mirror
M,. The phase ¢, (x, y) is then extracted from this hologram
using the procedure described in Fig. 2. By applying Eqgs.
(4) and (5), the 3D profile of the object can be accurately
reconstructed. Importantly, both mirror M, and object S in
Fig. 3 are positioned at the focal plane of the objective lens
MO,.

4. Experiments and results

4.1. Experimental setup

To evaluate the performance of the proposed method,
the optical system of Fig. 3 was realised in the configuration
shown in Fig. 4. Experiments were performed on an LTB4-
1208 vibration-isolated optical table. A modular mounting
system combined with a precision three-axis translation
stage ensured accurate alignment of all optical components.

Fig. 4. Experimental setup layout. 1: He-Ne laser; 2:
Microscope objective MO, (60x%); 3: Pinhole PH, (10 um); 4:
AL1210M lens (/=10 mm) and pinhole PH, (2 mm); 5: Collimating
lens L, (=300 mm); 6: Compensating lens L, (<200 mm); 7-10:
Beam splitters BS,-BS,; 11-13: Plane mirrors; 14: Sample; 15:
Wavefront sensor; 16: Camera. Source: The authors.
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The light source was a He-Ne laser (05-LHP-991, Melles
Griot) with a wavelength of 2=632.8 nm. Pinhole PH, (P10K,
Thorlabs), positioned at the focal plane of MO, (5721-A-H,
Newport), had a diameter of 10 um, and the collimating lens L,
(ACT508-300-A, Thorlabs) had a focal length of f, =300 mm.
The image sensor used was a CS165MU1 (Thorlabs) camera
with a resolution of 1,440x1,080 pixels and a pixel size of
3.45x3.45 pm. The compensating lens L, (ACT508-200-A,
Thorlabs) had a focal length of f, ;=200 mm. The aspheric lens
AL1210M-A (Thorlabs), serving as MO,, had a focal length of
Jr0,=10 mm and a numerical aperture (NA) of 0.55.

The inclination angle 8 between the object and reference
waves was adjusted in the range of 0.48°<0<5.3° [23]. This
setup produced a system magnification of 20x, satisfying
the criteria for diffraction-limited performance [27].
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4.2. Experimental calibration and phase error

measurement of the system

From the optical setup in Fig. 4, the system’s phase
error was first reduced by specifying the beam profile of the
reference wave. To achieve this, the light from the object
arm and the reference mirror M| was blocked, allowing the
collimated beam reflected from mirror M, to be observed by
the SH-WEFS for reconstructing the reference beam profile.
The flatness of the beam was then evaluated using the root
mean square (RMS) and peak-to-valley (PV) values based
on the measured reference beam profile. A well-collimated
reference beam is indicated by minimal RMS and PV. By
adjusting the positions of PH, and L, the optimal collimated

profile of the reference beam was achieved (Fig. 5A).
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Fig. 5. Reference wavefront and object wavefront measured by the wavefront sensor (WFS) after system alignment.
(A) Reference wavefront reflected from mirror M,, with peak-to-valley (PV)=0.105 A and root mean square (RMS)=0.092 A; (B)
Object wavefront reflected from mirror M,, with PV=0.177 A and RMS=0.083 A; (C) Total system phase error ¢ ,(x,y) determined by
subtracting (A) from (B), PV=0.165 A and a root mean square (RMS)=0.043 A; (D) The object wavefront retrieved from mirror M3
using the Fourier transform method yielded PV=0.177 A and a root mean square (RMS)=0.083 A. Source: The authors.
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Subsequently, the reference arm and the light reflected
from the sample S were blocked, and the profile of the object
mirror M3 was recorded with the SH-WFS. The positions
of MO, and M3 were tuned to minimise the RMS and PV
of the M3 profile, thereby optimising the alignment of M,,
MO,, L,, and the SH-WFS for the 4f system. The resultant
M; profile, derived from the object-wave wavefront, is
shown in Fig. 5B. Because the flat mirror M, is assumed to
be perfectly flat, the difference between the profiles in Figs.
5A and 5B, shown in Fig. 5C, corresponds directly to ¢ (x,
y), representing the phase aberration of the optical system.

By blocking the light from mirror M,, the hologram,
formed by the interference pattern between the object
wave reflected from M, and the reference wave reflected
from M -was recorded. The object profile of M, was
reconstructed from this hologram using the Fourier
transform method depicted in Fig. 2 and is shown in Fig.
5D. In this reconstruction, the profile was obtained using
Eq. (5), where ¢,(x, y) was calculated from the hologram.
Because the object is a mirror, the relationship ¢ (x, y)=—

¢,(x, y) holds.
Although the profiles in Fig. 5C and 5D should coincide

for an ideally flat mirror, the observed discrepancy is
acceptable. This difference arises chiefly because fitting
the wavefront with Zernike polynomials filters out small
random noise and complex surface features introduced
by environmental fluctuations or optical imperfections.
Moreover, the lateral resolution achieved through hologram
reconstruction is considerably higher than that obtained
by the SH-WFS [29]. Given the inherent limitations of
Zernike-based methods [6], the profile reconstructed from
the hologram was adopted to compensate for the optical

system’s phase aberration.
4.3. Surface profile measurement experiment

In this experiment, the profiles of two test objects were
measured to assess the performance of the proposed optical
system. Prior to observation with this system, their profiles
were verified using a Zygo ZeGage™ Pro 3D surface
profiler, which provides an axial resolution of 0.15 nm and
a lateral resolution of 0.52 um. Measurement results (Figs.
6A and 6B) yielded roughness values of Sa=17.95 and
Sa=11.58 nm, respectively.
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Subsequently, holograms of the two objects were recorded
with the CMOS camera and reconstructed via the Fourier-
transform method. The reconstructed profiles (Figs. 7A and
7C) produced surface roughness values of Sa=16.2 and
Sa=10.42 nm, respectively, using standard procedures [30].

Using the object-mirror profile from Fig. 5D, the profiles
in Figs. 7A and 7C were compensated. The resulting
compensated profiles (Figs. 7B and 7D) show the corrected
surface geometries and their respective roughness values.
To ensure statistical reliability, each object was measured
50 times; the averaged results are summarised in Table 1.

Table 1. Object roughness measured by ZeGage™ Pro and
the proposed method.

Measurement result Experimental result

ROITIGIe by ZeGage™ Pro (nm) (nm)
1 17.95+0.52 16.2+0.85
2 11.58+0.16 10.42+0.61
(A) (B)
¥
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Fig. 6. Measurement results of the roughness samples
using the ZeGage™ Pro system (Zygo). (A) Roughness
sample with measured Sa=17.95 nm; (B) Roughness sample
with measured Sa=11.58 nm. Source: The authors.

5. Conclusions

In this study, we have demonstrated both theoretically
and experimentally the effectiveness of the proposed phase-
compensation technique in a DHM system. This approach
combines physical and digital methods with wavefront
measurements using an SH-WFS and was evaluated using
various sample types.

The physical compensation strategy minimised phase
aberration in a telecentric configuration by aligning the
system with the aid of the SH-WFS and fixing a reference
mirror (M,) in the object path to ensure consistent
angular alignment across samples. The digital method
complemented this by quantifying the residual phase error
using a flat reference mirror (M,) placed in the object arm.
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Fig. 7. Measurement results of the actual objects. (A, B) 3D surface reconstruction of the sample with Sa=16.2 nm, before and
after digital phase compensation, respectively. (C, D) 3D surface reconstruction of the sample with Sa=10.42 nm, before and after

digital phase compensation, respectively. Source: The authors.

Our results showed that the residual phase error
was small and remained stable over time and across
repeated measurements. To achieve these outcomes, we
employed a comprehensive framework encompassing
phase unwrapping, noise suppression, measurement-error
correction and three-dimensional surface visualisation.
This framework enabled high-precision surface profiling,
detecting height variations at the nanometre scale with
excellent accuracy. The results demonstrate the advantages
of holographic techniques in general and the robustness of
the proposed method in particular.

Nevertheless, challenges persisted when measuring
surfaces with Se<2 nm owing to limitations in optical-
component quality and the current inability to eliminate all
noise from the optical system and the measured surface.
Once these issues are addressed, the proposed DHM system
holds strong potential for the accurate characterisation of
finely polished optical surfaces.
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