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Digital holographic microscopy (DHM) is a well-known microscopy technique using an

interferometric architecture for quantitative phase imaging (QPI) and it has been already

implemented utilizing a large number of interferometers. Among them, single-element

interferometers are of particular interest due to its simplicity, stability, and low cost.

Here, we present an extremely simple common-path interferometric layout based on

the use of a single one-dimensional diffraction grating for both illuminating the sample in

reflection and generating the digital holograms. The technique, named single-element

reflective digital holographic microscopy (SER-DHM), enables QPI and topography

analysis of reflective/opaque objects using a single-shot operation principle. SER-DHM

is experimentally validated involving different reflective samples.

Keywords: digital holographic microscopy, quantitative phase imaging (QPI), interference microscopy, reflective

microscopy, diffraction grating, phase measurememnt, nanometric topography

INTRODUCTION

Digital holographic microscopy (DHM) raises from the application of digital holography to
microscopy. Thus, DHM merges high-quality imaging (microscopy), whole-object wavefront
recovery (holography), and numerical processing capabilities (digital domain) [1–4]. In addition,
DHM allows quantitative phase imaging (QPI) using a non-invasive, full-field, real-time, non-
contact, and static working principle, at the same time that provides major advantages with respect
to other microscopy techniques as the removal of the limited depth of focus in high NA lenses
[5]. When DHM is implemented in a reflection modality, the phase delays of the light reflected
or scattered by the sample are recovered. Those delays are directly related to the topography of the
sample surface. The possibility of inspecting the topography of technical microscopic objects, which
often are reflective or opaque, is of great significance in fields as important as science, technology,
and industry.

In DHM, many different interferometric configurations have been implemented to work in
reflection, such as modified Mach-Zehnder [6–9], Michelson [10–13], Linnik [14], Twyman-
Green [15], Sagnac [16], and common-path interferometers [17–23], among others. Perhaps the
modified Mach-Zehnder and Michelson interferometers are the most common used layouts.
However, common-path interferometers (CPIs) enhance the performance in terms of robustness,
simplicity, and stability. In CPIs, both imaging and reference beams pass through the same
optical elements, thus minimizing both the required optical elements and the instabilities of
the system (mechanical and thermal changes) allowing a more compact assembly. Inside CPIs
category, we can find several types according to the way of generating the reference beam.
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For instance, such a beam can be created: (1) by the reflection
of the light in a reference mirror inside a Mirau interferometric
objective [18]; (2) by a spatial filtering at the Fourier plane in
diffraction phase microscopy [17, 19]; by using the clear regions
near to sparse samples in lateral shearing interferometry [24–27],
(3) by spatially-multiplexing the field of view (FOV) [23], or (4)
by using a modulator mask in single pixel phase imaging [21, 22].

Among all CPIs described in the literature, there are some
of them that employ just one optical element to produce
interferences, such as a Lloyd’s mirror [28], a thick glass plate
[26], a diffraction grating [29], a beam splitter cube [30],
or a Fresnel’s biprism [31–34]. Those reduce even more the
price and the complexity of CPIs and present a very simple
usability. Nevertheless, all those single-element CPIs were mostly
implemented in a transmission modality, being therefore limited
to the analysis of transmissive/transparent objects.

In order to expand the applicability of such single-
element interferometers to the obtention of the topography
of reflective/opaque samples, this contribution reports on a
reflective interferometric configuration based on a single one-
dimensional (1D) diffraction grating. The grating is used to
simultaneously illuminate the sample in reflection mode and
defines a single-element CPI architecture. In this configuration,
the reference beam is generated by spatially multiplexing the
FOV at the input plane as spatially multiplexed interferometric
microscopy (SMIM) does [23, 35–38]. The technique, named
single-element reflective DHM (SER-DHM), is presented as
an extremely simple, highly-stable, and robust way to provide
topography analysis in reflecting surfaces with a nanometric
accuracy and in a non-invasivemanner. Themain difference with
previously reported reflective SMIM technique [23] is that, now,
we are using a single element to provide both illumination and
interferometric recording in the layout as well as the proposed
implementation is validated outside a microscope embodiment.

The paper is organized as follows. Experimental setup
describes the technique including the setup implemented for
validation. Results includes three experimental validations of
SER-DHM involving different reflective objects (negative USAF
test target, silicon wafer, and Ronchi grating). And finally,
Discussion and conclusions provides a discussion of the
contribution and concludes the paper.

EXPERIMENTAL SETUP

The experimental setup of the proposed technique is depicted in
Figure 1. The layout is a reflective CPI configuration assembled
on an optical table at the lab. It utilizes a 1D diffraction grating for
both illuminating the sample and producing interferences. For
better understanding, we can divide the setup into illumination
and interferometric/imaging arms.

The system is illuminated with a quasi-monochromatic point
light source provided by a laser diode, whose wavefront curvature
is properly modified by a focusing lens. Such a beam arrives to
a 1D diffraction grating providing several beams diffracted at
different directions according to the diffraction order. In such
a way, we can take advantage of one of those diffraction orders

to illuminate the sample in reflection after passing through the
microscope lens (Figure 1A). Note that the focusing lens serves
to focus the beam at the back focal plane of the objective in order
to illuminate the sample with a collimated beam, thus optimizing
the illuminated FOV at the input plane. It is also worthy to point
out that the spatial frequency of the grating as well as the distance
between such a grating and the microscope lens must be properly
selected in order to have no additional diffraction orders passing
through the objective lens. In that sense, Ronchi gratings are
suitable for such a purpose since they present many odd orders
that can be used for epi-illumination while their even orders have
zero diffraction efficiency. Thus, in order to redirect the light
toward the microscope lens, the illumination system must form
an angle of incidence θi with respect to the optical axis of the
objective, which is given by the diffraction grating equation,

sin (θi) = sin (θm) +m λ N (1)

where N is the spatial frequency of the grating, λ is the
wavelength of the light source, and m is the diffraction order.
θm is therefore the diffracted beam corresponding with the m
diffraction order. In our case, interferometric recording needs the
diffraction orders at angles coming from m = −1, 0, +1, so that
the illumination angle must be coupled with higher diffraction
orders (m = 3 in our case) to avoid overlap with the imaging
scheme. In addition, assuming a Ronchi grating (+2nd and
+4th orders efficiency equal to 0) and paraxial approximation
[tan (θ) ≈ sin (θ) ≈ θ], only the +3rd order will pass through
the microscope lens when the distance between the grating and
the rear aperture of the objective d is higher than

d >
r

2λN
(2)

being r the radius of the rear aperture of the microscope lens.
On the other hand, the interferometric arm is very similar to

the one implemented in the recently proposed SMIM technique
[23, 35–38]. Briefly, the FOV is spatially multiplexed into
two regions, object (O) and reference (R) regions, and the
diffraction grating provides an interference pattern coming from
the coherent overlapping of such regions, coming from the 0th
and+1st orders, respectively, at the recording plane (Figure 1B).
Thus, an off-axis hologram is recorded by the digital sensor. As
we can see at Figure 1B, the size of the imaged FOV exceeds
the dimensions of the digital sensor at the output plane. That
situation is common in microscopy and can be used in our
system to optimize the recording process, that is, to only record
the useful interferogram. It would nevertheless be worthwhile
to mention that different technical aspects such as the spatial
frequency of the grating, the magnification of the system, the
pixel size of the digital sensor, and the axial distances between
the grating, the microscope lens and the digital sensor must be
properly adjusted when implementing the technique [29, 39, 40].

The key element for the design of the system layout is the
diffraction grating, since it provides illumination of the sample
in reflection mode as well as it allows the off-axis holographic
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FIGURE 1 | SER-DHM layout. (A) Picture of the experimental setup where the illumination arm is highlighted, and the green rectangle magnifies the diffraction order’s

direction for clarity. (B) Optical scheme and ray tracing of both illumination and interferometric arms, including a frame with the output plane (black rectangle) and the

recording region (blue rectangle) where the digital sensor is placed.

recording. Perhaps more important is the second issue to finally
achieve a proper image reconstruction. Hence, in order to
allow off-axis holographic recording and leaving aside aliasing
problems, the angle between overlapping beams (R’ and O’) at
the output plane should be high enough to allow separation
of the diffraction orders of the digital hologram at the Fourier
domain. Assuming a perfectly-coherent imaging system, the
cutoff frequency defined in the image spectral domain is given
by fc = NA/λM, being NA and M the numerical aperture and the
magnification, respectively, of the imaging layout [41]. Since in
our system θ corresponds to the propagation angle of the +1st
diffraction order given by Equation (1), we can therefore deduce a
minimum frequencyNmin equal to 3 times such cutoff frequency:

Nmin =
3NA

λM
(3)

In addition, there must be appropriate overlapping at the spatial
domain between the FOV replicas provided by the diffraction
grating to assure that the replicas are overlapping at FOV halves.
Once the diffraction grating is properly selected, the shift between
the different FOV replicas can be experimentally adjusted by
displacing the camera in the axial direction, thus providing the
needed shift to overlap FOV halves. This procedure will slightly

modify the NA and M values of the imaging setup, but it will
introduce minimal impact in the setup.

Regarding the reconstruction process, a Fourier filtering
method is implemented in order to extract the complex
amplitude information of the imaging beam (O’) from the off-
axis hologram. Briefly, this method can be summarized in the
following steps: (1) Fourier transform of the off-axis hologram,
(2) object spectrum filtering, (3) linear phase compensation, and
(4) inverse Fourier transform [42].

RESULTS

The experimental validation of the proposed SER-DHM consists
of three steps involving different reflective/opaque targets.
In those experiments, we use red (R) illumination (638 nm)
provided by a fiber-optic coupled laser diode source (OSI Laser
Diode, TCW RGBS-400R) focused by a lens with a focal length
of 60mm. In addition, a 50X microscope lens (Mitutoyo Plan
Apo, 0.55NA), a Ronchi ruling glass slides (120 lp/mm spatial
frequency), and a complementary metal-oxide-semiconductor
(CMOS) sensor (Basler acA1300-200uc, 1280 × 1024 px, 4.8µm
px size, 10 bits/px, 203 fps) are used to provide image plane off-
axis digital holograms.We utilize the light coming from the+3rd
diffraction order to illuminate the sample in reflection because
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FIGURE 2 | Experimental validation of SER-DHM involving a negative USAF test target. (A) Off-axis digital hologram. (B) Fourier transform of (A) including the filter

applied for Fourier filtering. (C) Retrieved amplitude distribution. (D) Retrieved phase distribution. (E) Phase map after spherical wavefront compensation. (F) 3D phase

visualization. Blue scale bar in (A) means 20µm.

the+1st order does not present a big enough angle to arrange the
illumination (close proximity with the digital sensor) and to save
central order for the interferometric recording. Thus, according
to Equation (1), the illumination forms an angle of θi = 13.3◦

with respect to the optical axis of the imaging system. Notice
that, in all the included experiments, we do not have included any
mirrored surface to generate the R region, but we benefit from the
reflecting areas present in the surroundings of the object regions
for such a purpose.

Validation of the SER-DHM Operation
Principle
In order to show full reconstruction process and to provide
an analysis of the system performance, results coming from
a negative USAF resolution test target are included through
Figure 2: the recorded hologram is shown in Figure 2A,
including a magnified region (yellow rectangle) to clearly show
the fringes, the Fourier transform of the off-axis hologram at
Figure 2B, the amplitude (Figure 2C), and phase (Figure 2D)
of the recovered complex amplitude distribution after Fourier
filtering method (white circle at Figure 2B). Note that if the
imaging system does not operate in telecentric mode, then there
is a spherical wavefront distorting the reconstructed phase that
must be canceled out (see Figure 2D). Once compensated, the

resulting phase distribution is shown at Figure 2E, whose three-
dimensional (3D) visualization is included at Figure 2F.

In order to measure the magnification and imaged FOV set
in the experimental validations, let us consider the Element 1 of
Group 8 (G8-E1) of theUSAF test (period of 3.91µm). The image
of G8-E1 spreads over 48 pixels or, equivalently, 230µm, thus
defining a lateral magnification of M = 58.8 X, which is higher
than the nominal magnification of the microscope objective. This
is because we had to move the sensor away from the microscope
lens for practical reasons (the presence of the focusing lens).
Thus, since the length and width of the CMOS area are [6.14,
4.92] mm, the FOV imaged at the output plane will be [104.5,
83.6] µm.

As we can see in the reconstructions, all elements of the
high-resolution USAF test target are well-resolved. In fact, the
theoretical resolution of the system is ρ = kλ/NA ≈ 1µm, being
k = 0.82 for coherent imaging systems with circular apertures
[43]. On the other hand, in order to quantify the accuracy in
the phase values, that is, the phase resolution, we compute the
standard deviation (STD) values in the three regions enclosed in
green rectangles in Figure 2E. The values obtained in regions 1,
2, and 3 are, respectively, 0.23, 0.24, and 0.21 rad, thus providing
a phase estimation error of 0.23 rad. The fact that these values are
really close one another demonstrates that the phase error does
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FIGURE 3 | Inspection of a microchip silicon wafer using SER-DHM. (A,D) Off-axis digital holograms involving two different areas. (B,E) Retrieved phase distributions.

(C,F) 3D phase distributions. Scale bars in images are 20µm.

not depend on the location in the FOV, so that the system is shift-
invariant after spherical wavefront compensation. Note that the
presence of noise in the phase images comes from speckle noise
and coherent artifacts due to the use of a coherent light source.

Inspection of Microelectronic Components
As second target, SER-DHM is used for the inspection of different
regions in a semiconductor silicon wafer containing a matrix
of microchips. Figure 3 includes the results for two different
regions of a microchip, where Figures 3A,D depict the off-
axis holograms, Figures 3B,E show the retrieved phase maps,
and Figures 3C,F illustrate the 3D phase distributions of the
microchip in such areas.

Single-Shot Topography Validation
Finally, the capability of SER-DHM to provide topography
analysis in real-time is demonstrated by making a scanning
of an object. The object is a 1D Ronchi grating with a
spatial frequency of 20 lp/mm. Thus, the scanning process is
performed along one of its borders by moving the object using
a motorized linear translation stage (Newport, model ESP300).
In this case, we characterize 1mm of the grating by recording
330 images in a time of 30 s. That means we perform the
scanning with a grating motion step of 3µm to analyze a total
of 20 grating periods. Figure 4 includes the results concerning
this characterization. We first record a set of off-axis digital
holograms (Supplementary Video 1), from which we extract the
complex amplitude of the light reflected by the object by applying
Fourier filtering. Then, the recovered information is properly
relocated and averaged (by performing correlation between

contiguous images and averaging them) in order to increase the
signal-to-noise ratio (SNR) of the phase images. The resulting
phase distributions are presented in Supplementary Video 2

from which we can directly obtain the information of the
thickness distribution t(x, y) of the coating chromium layer of
the grating (C) (Supplementary Video 3), using the following
expression defined in Picazo-Bueno and Micó [23].

t(x, y) =
λ

4π

[

△ ϕ(x, y)+ φt − π
]

(4)

In this expression, △ ϕ(x, y) is the phase distribution, φt is the
phase change introduced by the reflection in the chromium layer,
and the π rad value corresponds to the phase step in reflected
light at dielectric interfaces (air-glass in our case). The φt value
is obtained from the website www.refractiveindex.info which
is based on Johnsonand and Christy [44]: φt = −161.507◦ =

3.4644 rad.
The thickness distribution of the entire scanned region of

the grating is included in Figure 4D. In order to quantitatively
validate our approach for topography analysis, we have analyzed
the average value of the thickness of the chromium layer by
computing a plot of the height profile (Figure 4E) considering
the average thickness values computed along the dashed blue line
included in Figure 4D. Subsequently, we estimate the average
thickness difference in each period of the grating considering
a total of 20 grating periods, achieving a thickness value of
tmean = 84 nm. On the other hand, we quantitatively assess
the robustness (stability in time) of our system by studying the
phase stability during the scanning process. For such purpose,
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FIGURE 4 | Experimental results of SER-DHM for the case of a 20 lp/mm Ronchi grating. (A) Off-axis digital holograms (Supplementary Video 1). (B) Averaged

phase distributions (Supplementary Video 2). (C) 3D thickness distributions (Supplementary Video 3). (D) Total scanned thickness distribution along 20 grating

periods. (E) Height profile along blue line included in (D). (F) STD values of the green region included in (B) before phase averaging.

we have computed the STD values of the phase images (after
spherical wavefront compensation) in the mirrored chromium
region of the grating (dotted green area in Figure 4B) for every
period which is reconstructed during the scanning. That is, a
similar area of the grating is reconstructed every 1.5 s and we have
extracted the STD values of the retrieved phase distribution for
a total of 20 periods, meaning a total analysis time of 30 s. STD
values before phase averaging are shown at Figure 4F where the
computed mean value is 0.23 rad. As it can be seen, the system
behaves in a very stable way providing STD phase values that
perfectly matches with the obtained in Validation of the SER-
DHM operation principle for the case of the negative USAF
test target. In addition, the averaging process performed to the
phase images during the scanning process drops such value until
0.13 rad. From this value, we can obtain a thickness estimation
uncertainty by simply error propagation with the expression
δt

(

x, y
)

= δ△ϕ(x, y)λ/4π = 6.6 nm. Hence, the experimental
thickness is tmean = 84± 7 nm, so that the SNR is 12.

Finally, we compare this value against the thickness values
provided by the characterization of such a grating performed in
Picazo-Bueno andMicó [23]. There, the AFM characterization of
one of those grating profiles provided a thickness value of around
85 nm, whereas the holographic setup presented at Picazo-Bueno
and Micó [23] provides a value of 82 nm for the thickness of the

chromium layer. As we can see, these values are in the interval
defined by the experimental error, so that the values in good
agreement one another, thus validating our SER-DHM approach
for topography measurements.

DISCUSSION AND CONCLUSIONS

We have proposed SER-DHM as a valid technique for QPI
and topography analysis in reflective objects. SER-DHM uses a
single 1D diffraction grating for both illuminating the sample
in a reflection mode and providing holographic imaging needed
for the quantitative analysis. The technique implements a CPI
architecture in which: (1) the different diffraction orders of
the grating are utilized for different purposes (+3rd order for
reflective illumination, and 0th and +1st orders for off-axis
holographic recording), and (2) the input plane is spatially
multiplexed into two regions (O + R regions), using a flat
uniform region to generate the back reflected reference beam.
SER-DHM has been successfully validated for a 50X/0.50NA
microscope objective using different reflective objects (negative
USAF test target, microchip silicon wafer, and Ronchi grating).
Note that, despite being the technique successfully validated
for a single microscope lens, our approach can be nonetheless
implemented using other microscope objectives.
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The strong point of SER-DHM comes from the use of a
single optical element—a 1D Ronchi grating—to simultaneously
illuminate the sample and define a CPI layout. That makes
the proposed interferometric configuration be inherently more
stable with respect to mechanical or thermal changes than the
standard ones, e.g., Michelson, because the imaging and reference
beams follow nearly the same optical path. This fact also gives
the possibility to illuminate the sample using light sources with
low coherence lengths, in order to reduce the coherent noise
present in phase images. In addition, as SER-DHM only involves
a single element, both the complexity and price of the system
become significantly reduced when compared to conventional
interferometers, since those usually employ a larger number of
optical elements.

The proposed SER-DHM can be seen as an evolution of
previous SMIM approach working in reflection mode [23],
evolution in the sense of simplification because the beam splitter
cube at Picazo-Bueno and Micó [23] is no longer needed in the
actual configuration. However, SER-DHM has been validated on
optical table instead of using the microscope embodiment where
SMIM approaches were validated [23, 35–38] because it was not
possible to integrate the laser source at the specific illumination
angle at the same microscope body.

As main drawback, the use of diffraction gratings for such
purposes means to lose a significant amount of light since we
only consider the light coming from one diffraction order (+3rd
order is not the most efficient one) as illumination beam as
well as just two diffraction orders (0th and +1st orders) for the
generation of the digital holograms. Nevertheless, this is not a
big issue because illumination sources are nowadays powerful
enough to perform the experiments. In addition, part of the light
that arrives to the grating is reflected back and may fall into
the sensor area, thus strongly deteriorating or even destroying
the quality of the recorded holograms. To avoid that, we can
slightly tilt the Ronchi grating in the other direction (vertical)
than the multiplexing is performed; thus, all reflected light will
fall out of the sensor area. Finally, the proposed SER-DHM
approach also becomes restricted by the main limitation of
SMIM methods the reduction of the useful FOV to one half
of the available one as payment for reference beam generation.
However, the FOV defined by the microscope lens is normally
larger than the recorded one by the digital sensor, and we

can therefore use a region outside of the recorded area as
reference region.

In conclusion, our proposed SER-DHM is presented as a
very simple, cost-effective, and robust technique that enables
the study of the topography of reflective objects with a
nanometric accuracy, in a non-invasive way, and using a
single-shot operation principle. To the best knowledge, this
is the first time that only a single element is used in
DHM to provide both reflective illumination and holographic
detection. SER-DHM could be specifically useful in, for instance,
microelectronic applications, where topography measurements
of themicrochips (or integrated circuits) could provide extremely
helpful information such as manufacturing defects.
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