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Terahertz-dependent identification of simulated hole shapes
in oil gas reservoirs∗
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Detecting holes in oil–gas reservoirs is vital to the evaluation of reservoir potential. The main objective of this study is
to demonstrate the feasibility of identifying general micro-hole shapes, including triangular, circular, and square shapes, in
oil–gas reservoirs by adopting terahertz time-domain spectroscopy (THz-TDS). We evaluate the THz absorption responses
of punched silicon (Si) wafers having micro-holes with sizes of 20 µm–500 µm. Principal component analysis (PCA) is
used to establish a model between THz absorbance and hole shapes. The positions of samples in three-dimensional spaces
for three principal components are used to determine the differences among diverse hole shapes and the homogeneity of
similar shapes. In addition, a new Si wafer with the unknown hole shapes, including triangular, circular, and square, can
be qualitatively identified by combining THz-TDS and PCA. Therefore, the combination of THz-TDS with mathematical
statistical methods can serve as an effective approach to the rapid identification of micro-hole shapes in oil–gas reservoirs.
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1. Introduction
The physical properties of an oil–gas reservoir in the sub-

terranean area clearly influence the analyses of the contribu-
tion of the oil and gas reservoir.[1] Rocks with a high pore
rate, an influential feature of the earth crust and stratum, have
been investigated widely because of the basic theory about
reservoirs.[2] The recognition of hole shapes has considerable
practical importance in the field of oil–gas exploration, partic-
ularly for micro- and nanogaps present in reservoirs. Silicon
(Si), a vital substance in geo- and biochemical cycles, is the
second most abundant element in the Earth’s crust, particu-
larly in the upper continental crust.[3] The physicochemical
properties of Si are closely related to the structure and reser-
voir quality of geological material. Hole shape plays a vital
role in the formation of various pore structures, which are used
to directly investigate the mechanical properties of an oil–gas
reservoir. Therefore, the detection of punch Si wafers with di-
verse micron-hole shapes is useful in further studying the rock
strata.

Because of the developments of ultrashort pulse lasers,
semiconductors, and optical detectors, the terahertz time-
domain spectroscopy (THz-TDS) has advanced rapidly. THz
spectroscopy has been studied and used widely in various

fields.[4–22] Several studies of the properties of Si wafers have
been conducted by using hole arrays in a THz range. Sharp
resonances and enhanced transmission were observed when
THz radiation pulses passed through gratings of subwave-
length holes.[23] To investigate the resonance characteristics of
Si-doped arrays, heavily doped Si dot arrays were measured
and multiple plasmon resonances were observed for dot ar-
rays demonstrating diverse dimensions in the THz range.[24]

The zero-order THz transmission spectra of an array of sub-
wavelength apertures on ultrathin highly doped Si exhibited
highly defined maxima and minima because of the excitations
of surface-plasmon polaritons and Wood’s anomaly.[25] There-
fore, the THz responses of holes are strongly influenced by
their shapes and sizes.

In this paper, we present the THz absorption responses of
Si wafers, which have been punched with different hole shapes
(e.g., triangular, circular, and square) to simulate an oil–gas
reservoir. Principal component analysis (PCA) is adopted to
cluster the Si wafers punched with the same hole shape. The
principal component (PC) distributions clearly indicate suc-
cessful recognition of the various holes in the evaluated coor-
dinate systems, and the holes demonstrating similar PCs are
assembled into an independent space. Therefore, this study
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demonstrates that THz-TDS, combined with statistical meth-
ods such as PCA, is an excellent approach to identifying and
predicting microholes in oil–gas reservoirs.

2. Experimental methods
The experimental setup included a conventional THz-

TDS system with transmission geometry from the Zomega
Terahertz Corporation, USA. One of our previous reports com-
prehensively introduced the relevant parameters and apparatus
of the system.[26] In brief, a femtosecond (fs) laser beam was
split into a pump beam and a detection beam. The THz pulse
was generated by a p-type InAs wafer with 〈100〉 orientation
pumped by a Ti:sapphire laser with a center wavelength of
800 nm, pulse width of 100 fs, and repetition rate of 80 MHz.
A 2.8-mm-thick 〈100〉 ZnTe was employed as a sensor, and a
standard lock-in technology was used in this setup. To prevent
the vapor from being absorbed in the air and enhancing the
signal-to-noise ratio (SNR), the setup was covered with dry
nitrogen at room temperature.

In this experiment, Si wafers were punched with holes

having different shapes, numbers, and sizes. The microholes
(triangular, circular, and square holes) were punched onto the
Si wafers by using a laser drilling technique. Figure 1 illus-
trates the overall properties of the three hole shapes, measured
using a microscope; the black areas indicate the hole areas.
The size of the Si wafer (15 mm (side length) ×15 mm (side
length) ×0.4 mm (thickness)) remained constant for all sam-
ples, whereas the sizes and number of holes were varied. All
the holes were located tightly in an array in the center of a
5-mm-radius circle space, and the pore array region is corre-
sponding to the THz radiation region. Listed in Table 1 are the
detailed hole shapes, sizes, and numbers.

150 mm

150 mm

100 mm

Fig. 1. (color online) Microscope images of the three hole shapes punched
on the Si wafers.

Table 1. Samples with various hole shapes, sizes, and quantities.

Triangle hole (33 samples) Circle hole (32 samples) Square hole (29 samples)

Side/µm Number Diameter/µm Number Side/µm Number

150 1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 20

20 20, 50, 100, 150 150 1, 2, 3, 4, 5, 6, 8, 9, 10,
20

160, 180, 200, 250, 300,
350, 400, 450

1, 2 40, 60, 80 1 160, 180 1, 2

500 1, 2, 3, 4, 5, 6 100 1, 2, 3, 4, 5, 6, 7, 8, 9,
20, 30

200 1

120, 140, 160, 250, 300,
350, 400, 450

1 250, 300, 350, 400, 450 1, 2

500 1, 2, 3, 4, 5, 500 1, 2, 4, 5 6

In the experiment, the samples and references were ini-
tially subjected to THz-TDS. All the samples were tested
twice. The relative error of each sample in the two measure-
ments was calculated and did not exceed 10%, relative to the
corresponding average spectra. Therefore, the spectral devia-
tions in the two measurements were extremely small because
of the stability of the setup, and only the THz data in one of
the two measurements were employed in the subsequent cal-
culation and discussion. In addition, selected samples with
various hole shapes and sizes were filled with crude oil and
tested by THz-TDS to simulate the oil–gas reservoir. Fast
Fourier transform (FFT) was used for deriving the THz fre-
quency domain spectra (THz-FDS). According to the derived
spectra, THz absorbance spectra were calculated using the re-
lation − ln(ASam./ARef.), where ASam. and ARef. represent the
FFT amplitudes of the sample (Si wafers with different hole
shapes) and reference (nitrogen) THz pulses, respectively. The
effective frequency range (0.1 THz–2.2 THz) of the absorption

spectra was determined according to the amplitudes in THz-
FDS.

3. Results and discussion

Figure 2 shows the frequency-dependent absorption spec-
tra of the wafers with various hole shapes (i.e., triangular, cir-
cular, and square) and that of selected wafers filled with crude
oil at a frequency range of 0.1 THz–2.2 THz (i.e., the effec-
tive frequency range). Because of the existence of excessive
datapoints, the errobars are not shown in Fig. 2 to ensure that
the spectra are clearer. Similar spectral values and profiles are
found among Si wafers having the same hole shape. The ab-
sorbance values of the three hole shapes remained unchanged
in a range from 0.5 THz to 1.5 THz; however, they demon-
strate the fluctuation in ranges from 0.1 THz to 0.5 THz and
from 1.5 THz to 2.2 THz THz. No sharp absorption features
are observed in the effective frequency range, and this is highly
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consistent with the absorption response of float-zone Si re-
ported in a previous study.[27] In general, the absorption spec-
tra of the Si wafers are highly similar to those of other samples
with the same hole shape; furthermore, the deviations between
any two samples with the same hole shape are extremely small,
indicating that there are few experimental errors and the sta-
bility of the setup is verified. Meanwhile, a slight difference is
observed in the spectra of wafers associated with the three hole
shapes, including wave profiles and values mainly caused by
different hole shapes. However, these spectra are still highly
overlapped (Fig. 2), and they can be distinguished using other
methods, as discussed later. Besides, the spectra of crude oil
filled samples resemble each other in a range from 0.1 THz to
1.0 THz and then are separated from each other. In addition,
the crude oil filled samples absorb more THz waves than the
hole in almost the whole range shown in the figure, owing to
the absorptions of oil and water contained in the crude oil.
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Fig. 2. (color online) THz absorbance spectra of the three groups of
punched and crude oil filled samples with triangular (red), circular (blue),
and square (olive) holes in a frequency range from 0.1 THz to 2.2 THz,
respectively.

In order to detect and distinguish the spectra of holes
with various shapes, PCA is employed to cluster the punched
Si wafers with similar hole shapes by using THz absorbance
spectra in a range of 0.1 THz–2.2 THz as the input, and spec-
tral pretreatments are not performed. As a widely used statis-
tical analysis technique, PCA is a multivariate statistical tech-
nique in which the number of dimensions within the data is
reduced while retaining the overall variation as much as pos-
sible and identifying the potential structure of large spectral
data as well as groups within the data sets. Generally, the the-
ory of principal component analysis (PCA) can be described
by several steps. The first step is the input of matrix as follows:

X =


x11, x12 · · ·x1n

x21, x22 · · ·x2n
...

...
. . .

xm1, xm2 · · ·xmn

 , (1)

where n is the number of the sample dimensions and m is the
number of the samples. Then, the linear transformation of X

is calculated and represented with Y as follows:
Y1 = u11X1 +u12X2 + · · ·u1nXn,

Y2 = u21X1 +u22X2 + · · ·u2nXn,

· · ·
Yn = un1X1 +un2X2 + · · ·unnXn.

(2)

Here,
u2

k1 +u2
k2 + · · ·u2

kn = 1,k = 1,2, . . . ,n. (3)

There is no correlation between Yi and Yj (i 6= j; i, j = 1, 2,
. . . , n). Moreover, Y1 is the linear combination of X1, X2, . . . ,
Xn with the largest variance, described as PC1. Y2 is the lin-
ear combination with the largest variance and not related to Y1,
called PC2, etc., all the principal components are calculated.
By selecting the results with larger variance, data simplifica-
tion can be achieved. The method provides a roadmap on how
to reduce a complex data set to a lower dimension.

In this study, three groups of spectral absorbance data,
each of which follows an ascending order according to poros-
ity, were combined in the order of triangle, circle, and square.
Four data sets are then obtained for the calculation below.

PCA calculations result in several variables (PCs) that
are related to the original variables and reflect the informa-
tion about samples. When the scores of the early PCs are plot-
ted against each other, a two- or three-dimensional score space
can be obtained; in this space, closely related samples are clus-
tered together and unrelated samples become outliers. How-
ever, an individual sample clusters with other samples having
related PC properties with it. According to Eqs. (1)–(3), the
absorbance spectra in Fig. 2 are used as input X (from X1 j to
Xm j, m = 94, j = 1, 2, . . . , n), and the output Ys are the cal-
culated PCs. The first three PCs are employed here. To deter-
mine the degree of separation of the feature vectors associated
with the THz absorbance spectra from the three hole shapes,
the scores of PCs are used and plotted in Fig. 3, where the po-
sition of each sample is reported in a three-dimensional space
for the three PCs (PC1, PC2, and PC3).[28]

The plots illustrated in Fig. 3 enable graphically observ-
ing the information about both the data samples and variables
of a data matrix, where data samples are displayed as points
and variables are displayed as vectors.[8,26] The X , Y , and Z
axes indicate the scores of PC1, PC2, and PC3 (the contribu-
tion rates of three PCs are provided in parentheses). Further-
more, ∆, ©, and � indicate the punched Si wafers with tri-
angular, circular, and square holes in the new coordinate sys-
tem, respectively. Figures 3(a)–3(c) illustrate the classification
results of any two groups of holes, including triangle–circle,
circle–square, and triangle–square, indicating that the various
hole shapes are adequately separated.

The THz absorbance spectra of all samples are then com-
bined and subjected to PCA as shown in Fig. 3(d). The results
indicate that the first three PCs (PC1, PC2, and PC3) of the
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Fig. 3. (color online) Three-dimensional scatter plots of the PCA-THz absorbance spectra for the punched Si wafer with (a) triangular and circular holes,
(b) circular and square holes, (c) triangular and square holes, and (d) triangular, circular, and square holes. The percentage values indicate the contribution
rates of the corresponding PCs.

data set describe 90.6% of the variance within the data, with
the first seven PCs describing 98.0% of the variance with
the data. The cluster results show that the three hole shapes
demonstrate obvious divergence. However, a common feature
observed in the three-dimensional space is that the position
points of the triangular and square holes are tightly clustered,
but those of the circle holes are scattered. The PCs’ deviations
of circle are greater than those of triangle and square, and this
is possibly due to the greater distance between pores, i.e., big-
ger porosity. Therefore, PCA is used to identify groups within
the data and is performed on the scores of the first three PCs
instead of on the original absorbance data to obtain suitable
classification; thus, differentiating hole shapes is easier. This
study shows that THz-TDS combined with PCA can serve as a
promising and effective tool for recognizing microholes in Si
wafers and other rock materials.

To verify the accuracy and repeatability of the experimen-
tal measurement and calculation procedures, the PC scores
of six samples (triangle: 5 holes sized 500 µm and 3 holes
sized 150 µm; circle: 5 holes sized 500 µm and 4 holes sized
100 µm; square: 5 holes sized 500 µm and 4 holes sized
150 µm) obtained in another measurement are analyzed and
compared with those of the samples measured using PCA. The
results indicate that the first three PCs (PC1, PC2, and PC3)
of the data set also describe 90.6% of the variance within the
data. A two dimensional system is used for identifying the
contribution positions of the six new datapoints more clearly.

Figure 4 illustrates the X–Z cross-section of the original three-
dimensional space, namely the PC1 versus PC3 image, where
each datapoint indicates the appropriate area of the hole shape
corresponding to that shown in Fig. 3(d). Therefore, we con-
clude that a new Si wafer with the unknown hole shape, includ-
ing triangular, circular, and square, can be qualitatively identi-
fied by combining the THz technique and PCA, and this com-
bination can be extended to qualitatively identify other hole
shapes in rock stratum in the future.
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Fig. 4. (color online) PC1 versus PC3 for the data set. The six datapoints
indicated by the largest shapes are the new samples in another measure-
ment.

The objective of this study is to realize the identifica-
tion of microhole shapes by using THz-TDS. The observed
changes in the THz absorbance spectra are extremely small,
thus posing the question of the reliability of identifying vari-
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ous microhole shapes. PCA is employed to demonstrate the
accuracy of the process of identifying different shapes by us-
ing THz absorbance spectra as the input. Any of the three
hole types with varying porosity are clustered into a particu-
lar space in a PC system. This combination of THz-TDS and
PCA can promote further the identification of hole shapes, in
particular on or in rocks storing oil and gas. As a contactless
technique, THz-TDS can serve as a supplement to traditional
methods in oil–gas detection and exploration fields, which is
worth exploring continuously.

4. Conclusions
In this work, we verify qualitatively identifying Si wafers

punched with microholes having various shapes, including tri-
angular, circular and square, in a simulated oil–gas reservoir
by using THz-TDS. PCA is employed to classify the samples
with different hole shapes, and large deviations of PCs are ob-
served in the three-dimensional space. Moreover, the accuracy
and repeatability of the experimental measurement are verified
by analyzing the PC scores of six samples obtained in another
measurement. The results indicate that combining THz-TDS
with statistical methods can serve as a contactless and efficient
approach to recognizing various hole shapes in oil–gas reser-
voirs.
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