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Analogous with scanning electron microscopy, we use an oblique-incidence reflectivity difference (OIRD)
approach for morphology detection. By scanning the active carbon clusters in a one-dimensional way and
the reservoir rocks in a two-dimensional way, the morphology of the samples’ surface can be revealed in
OIRD signal images. High OIRD signals of active carbon samples refer to the centralized distribution areas
of carbon, and the fluctuations are caused by the uneven distribution of carbon pellets. OIRD intensity is propor-
tional to the thickness of materials. In terms of rocks, the trough areas with smaller values refer to the low-lying
fields. The areas with relatively large OIRD intensities correspond to the protuberance areas of rocks.
Consequently, OIRD is a sensitive yet rapid measure of surface detection in material and petrogeology

science. © 2017 Optical Society of America
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1. INTRODUCTION

Measuring the surface dielectric properties of materials directly
involves a number of theoretical and technical challenges,
including realizing nondestructive detection, understanding
the signal information of the sample, and measuring the sample
under the common condition. An optical microscope is a
common optical instrument to recognize the magnification im-
aging that cannot be distinguished with eyes. Scanning electron
microscopy (SEM) and atomic force microscopy (AFM) are
appropriate ways to describe the surface structures and mor-
phology information [1]. However, some materials cannot be
measured by SEM, because a vacuum environment is necessary
when measuring, and liquid water is not allowed because it may
volatilize and harm the SEM setup. Although AFM has a very
large resolution of atoms, its scanning velocity is very small and
time length is very long.

In recent years, various optical techniques have emerged as
important tools for detecting the morphology of materials and

THz parameters of the oil shale can be extracted and employed
to characterize the oil yield precisely [10]. The THz spectrum
and its imaging are gradually and successfully employed in the
petroleum field [11-14]. Meanwhile, THz chemical imaging
is appropriate to reveal hydrogen bond distributions [15].
Consequently, they both can measure the physical information
of materials, but relative to THz spectroscopy, OIRD has a
larger spatial resolution, which is of significance for some
substances such as reservoir rocks.

OIRD measures the difference in reflectivity between s- and
p-polarized lights; thus, it is very sensitive to the dielectric and
surface properties of the material surface. An OIRD image can
reveal the hybridization and determine the thickness of oligo-
nucleotides in the microarray, simultaneously. According to
previous reports, OIRD has a time resolution of 20 ps, a spatial
resolution of 0.4 nm, and a detection sensitivity of 14 fg of
protein per spot [16—18]. OIRD signal intensities are related
to the physical properties of materials. According to the classical

rocks [2,3]. Representative and newly developed techniques in-
clude terahertz (THz) spectroscopy and oblique-incidence re-
flectivity difference (OIRD) [4—7]. A THz wave can be applied
to rocks mapping the mineralogy and used to obtain high-
spatial resolution maps of the spatially varying dielectric per-
mittivity of heterogeneous materials [8,9]. The anisotropy in
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where €, &, @i, and A represent the relative permittivity of
the environment, relative permittivity of the basement, inci-
dence angle, and wavelength, the OIRD signal intensity is a
function of dielectric constant €, and effective thickness 4.
For the real-time detection of morphology, 4 would change
as the scanning position is moving. In the OIRD system, a
two-dimensional motorized stage is used to fix a sample and
obtain the OIRD signals of samples. The stage can be
motioned in a two-dimensional range to obtain images and
in a one-dimensional range to obtain a line information.

Recently, more promising applications were reported for the
label-free, high throughput detection of interactions of biologi-
cal molecules [19]. The OIRD technique can not only charac-
terize the defects but also detect the adsorption dynamics of
liquid molecules [20]. The layered distribution of the dielectric
properties in shales and the uniform distribution in sandstones
can be clearly identified using OIRD signals. The dielectric and
surface properties are closely related to the hydrocarbon-
bearing features in oil gas reservoirs so that the precise measure-
ment carried with OIRD can help improve the recovery
efficiency [21]. In this research, OIRD was used to detect
the morphology information with one-dimensional and two-
dimensional scanning. Active carbon and reservoir rocks were
measured and their OIRD images were validated by SEM
analysis. The work allows us to achieve more approaches
for the detection of morphology information in materials
science and the petrogeology industry.

2. EXPERIMENTAL METHODS

As depicted in Fig. 1, we show the scheme of the OIRD system
for the label-free and real-time detection of reservoir rocks. A
p-polarized He—Ne laser with a wavelength of A = 632.8 nm is
selected as the detection light beam. The laser passes through a
polarizer (P) to ensure p-polarized incidence. The light beam
then passes through a photoelastic modulator (PEM) so that
the polarization of the light beam oscillates from p- to
s-polarization at the frequency of 50 kHz. The laser beam out-
put from the PEM enters a phase shifter that would introduce a
variable phase difference @, between the p- and s-polarization
components. The light beam is focused by an optical lens into
the sample surface near the Brewster angle 6 = 57.6°. The
reflected beam passes through a second lens and enters a
polarization analyzer (PA) with the transmission axis from
s-polarization. At last the intensity of the reflected beam is
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Fig. 1.  Sketch of OIRD system for the morphology detection of the

active carbon and reservoir rocks.
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detected by a silicon photodiode (PD). Two lock-in amplifiers
are employed to measure the first harmonic /(1€2) and the
second harmonic 7(2Q) signals. Before the scanning measure-
ment, we adjust the phase shifter and polarization analyzer so
that the /(2€) and /(1€) signals are equal to zero to improve
the sensitivity of the measurement [22,23].

In the experiment, an active carbon and two different rocks
were used for one-dimensional and two-dimensional morphol-
ogy information. Generally, there are no special requirements
on sample preparation for OIRD detection. The active carbon
pellets adhered tightly onto the fiber cloth to form the active
carbon fiber cloth (ACFC), which was taken from the active
carbon breathing mask. The rocks were cored at a depth of
~3000 m in the horizontal direction from different oil fields.
The rocks were cut and then polished to confirm the parallel-
ism between the upper and lower surfaces of the cores before
OIRD measurement. After the samples were prepared, the
active carbon or reservoir rocks were fixed on the two-
dimensional stage. The scanning range was a | mm x | mm
rectangle area. The scanning step length was set as 4 pm.
The measurements were performed under ambient conditions.
Finally, we detected the real part Re{A, - A} and the imagi-
nary part Im{A, - A} signal of the samples. In this research,
Im{A, - A;} was used as the parameter to detect the
morphology.

3. RESULTS AND DISCUSSION

A basic investigation was initially performed about the OIRD
reflectivity response of ACFC by two-dimensional scanning.
Figure 2(a) is the intensity profile taken along a line in the
active carbon sample. Im{A, - A} alters with the change of
scanning distance. Several maximum signals can be observed
and respective peak wave are located at different positions;
meanwhile, fluctuations are also observed in some special areas,
indicating that the morphology information of the sample sur-
faces are reflected in the OIRD signals. To determine the struc-
tural information of the ACFC sample surfaces, SEM was then
employed to analyze active carbon investigated with OIRD.
Secondary electron (SE) was used to obtain a new set of images
shown in Fig. 2(b). SE was very sensitive to the surface mor-
phology, thus making it an effective method for observing the
surface morphology. According to Fig. 2(b), the carbon re-
flected a centralized distribution in some areas other than dis-
tributed evenly. Besides, the enlarged image shows that the
pellets were also uneven in the active carbon areas. Active car-
bon was a kind of porous material whose void radius approx-
imately varied from ~100 nm to ~50 pm. Comparing the
OIRD signals and the SEM images, it can be revealed that
the areas with high OIRD signals refer to the centralized dis-
tribution areas of active carbon, and the fluctuations of OIRD
signals are caused by the uneven distribution carbon pellets.
In terms of the areas with smaller OIRD signal intensities,
the ACFC sample has little carbon pellets. The fiber cloth wires
are criss-crossed between the areas of carbon pellets. The OIRD
signal is related to the distribution of active carbons, which
can be revealed by the comparison of OIRD response and
SEM images. Consequently, OIRD measurement characterized



8350 Vol. 56, No. 30 / October 20 2017 / Applied Optics

2 3 4

Fig. 2. Morphology analysis of active carbon samples. (a) Distance
dependent Im{A, - A} intensities of active carbon sample. (b) SEM
images of ACFC: the right picture refers to the enlarged image of the

left one.

the surface morphology of ACFC samples with one-
dimensional scanning.

To further explore the practicality of the OIRD approach
being applied in morphology detection of the petroleum reser-
voir, we selected two pieces of rocks 3 km underground and
performed the OIRD measurement. An optical microscope
analysis was initially performed before the rocks were measured
by OIRD. Figure 3 shows a set of optical microscope images of
the mentioned two reservoir rocks. The spatial resolution in
horizontal and vertical directions were about 200 pm. The gray
level distribution mainly reflects the particle distribution that
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was caused by the rocks’ components. Consequently, optical
microscope images indicate that the morphology of rocks were
irregularly polygon and dispersed well.

Figure 4 shows three-dimensional OIRD signal mapping of
two reservoir rocks cored at a depth of ~3000 m in the hori-
zontal direction. The square of each image is 300 pm x
300 pm, and the Im{A, - A} values reflect the relative vari-
ance. The signal intensities exhibited several peaks and troughs
on the surfaces in imaginary images, showing the position-
dependent uniformity of the physical properties. It is apparent
that the trough areas with different sizes are randomly distrib-
uted throughout the surface of reservoirs rocks. Large granules
can have a width range from ~20 pm to ~130 pm shown in
Fig. 4(a). In the three-dimensional systems of the imaginary
parts, the troughs areas appear to be approximately, but
not absolutely, equal to each other. In contrast to Fig. 4(a),
Fig. 4(b) plots a lot of trough areas with different sizes smaller
than 100 pm. Similarly, the areas are randomly distributed
throughout the surfaces and are nondirectional relative to being
over the whole areas. Compared to Fig. 3 obtained with an
optical microscope, Fig. 4 shows the more obvious contrast
at different points. Meanwhile, OIRD signal images reflect
the dielectric properties’ distribution, which can help reveal
more information of physical properties in the concentrated
areas of high or low intensities. The signals continuously
changed at near positions. According to the OIRD images,
it is revealed that OIRD images of rock surfaces contributed
variously at different positions, indicating that OIRD signals
are related to the physical properties of materials.

The approximately irregular structures and the uneven mor-
phology features of rocks are clearly reflected in Fig. 4. The type
relates to the orientation of rock particles or a crevice. To detect
the real structural information of the rock surfaces, SEM was
then employed to analyze the rocks measured by OIRD. SE
modes were used to obtain the morphology images of relative
reservoir rocks. Figure 5 shows the SEM images of two rocks:
(a) shows the SE morphology image of a reservoir rock with a
scale line of 200 pm; (b) shows the SE morphology image of
another reservoir rock with a scale line of 100 pm. The SE im-
ages revealed the microdefects such as cracks and orientations

Fig. 3. Optical microscope analysis of the surfaces of reservoir rocks.
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(b)

Fig. 4. OIRD images of two reservoir rocks in which random regions were scanned by the OIRD system. Red and cyan represent small and large

OIRD signal intensities, respectively.

of rock particles in the rocks, as clearly shown in the OIRD
images with the corresponding imaginary signals. In Fig. 5(a),
some differently sized particles were observed with clear annular
cracks between them. These annular cracks surround some
low-lying areas. In Fig. 5(b), the rock is denser, and the defects
have relatively smaller size.

According to comparison between Figs. 4 and 5, high sim-
ilarity can be observed in terms of the structures in two reser-
voir rocks. OIRD signal intensity is a function of effective
thickness & and dielectric constant &, on the basis of the widely
used formula in the experimental section. OIRD intensity is
proportional to the thickness of materials. Consequently, the
trough areas (red areas) with smaller values in Fig. 4 refer to
the low-lying fields. They possess similar-size ranges and con-
tour shapes in both reservoir rocks. In terms of cyan areas,
which have relatively large OIRD intensities, they correspond
to the protuberances areas in Fig. 5. The differences of OIRD
intensities in these areas may be caused by the dielectric

Fig. 5. SEM images of reservoir rocks that were measured by OIRD.

constant variances. The elemental components with different
atomic masses are uniformly distributed through the cyan areas.
Therefore, the OIRD technique is a very promising and prac-
tical technology to detect the morphology information and is a
convenient supplementary method that can be combined with
conventional methods.

Similar to some other technologies, there are some limita-
tions of the new technique. For instance, the baseline of the
signal should be regulated in each measurement. Besides, more
mathematical methods should be developed to analyze the data
of the signal. Overall, this study focuses on applying the OIRD
approach to active carbon and reservoir rocks, and proves that
the OIRD is a very practical technique for detecting morphol-
ogy. The morphology features can be clearly observed in the
images of Im{A, - A;} by both one-dimensional and two-
dimensional scanning. The detection results in the OIRD
images are in agreement with those of the SEM mappings.
Accordingly, the research suggests that this approach used to

mag |
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characterize the morphology of the reservoir rock should com-
bine previous techniques, such as optical microscopy, the SEM
technique, and newly developed optical methods, such as tera-
hertz (THz) spectroscopy [3,8,9]. Compared to the THz tech-
nique, OIRD has a higher spatial resolution due to the light
source possessing a shorter wavelength. Relative to microscope
and SEM techniques, OIRD can detect the dielectric properties
of the materials that are useful in revealing the physical or
chemical information. As reported in previous articles, the
OIRD signal, which reflects the differences between the reflec-
tivity of s- and p-polarized light, is related to the material’s
dielectric and surface properties so that it is a sensitive surface
detection technique [21,24]. OIRD is a very promising and
practical technology for detecting the morphology of general
materials and reservoir rocks.

4. CONCLUSION

In summary, by using a newly developed OIRD technique, we
were able to detect the morphology features of samples with
both one-dimensional and two-dimensional scanning. This op-
tical approach has extremely high sensitivity to the distribution
of structural and componential properties. We tested this tech-
nique on active carbons and reservoir rocks, and compared the
OIRD results to SEM mappings, indicating that the OIRD
analysis can be clearly validated. The technique is fast (limited
only by the speed of the mechanical scanning) and is easily
applied to any space due to the simple system composition.
It can be expected that the OIRD technique is a convenient
supplementary morphology detection technique for conven-
tional methods.
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