
Terahertz Complex Refractive Index and Guiding of  
White Staghorn Coral

Chul Kang1, Myunghwan Kim1, Hyeongmun Kim1, Jin Young Park1,2, Bok Hyeon Kim1,  
Inhee Maeng1¶, SooBong Choi2, Soeun Kim1, and Chul-Sik Kee1**

1Advanced Photonics Research Institute,  
Gwangju Institute Science and Technology, Gwangju 61105, Korea 

2Department of Physics, Incheon National University, Incheon 22012, Korea

(Received May 18, 2021 : revised June 7, 2021 : accepted June 8, 2021)

Corals are the remains of animals that grow on warm beaches. They have been used as decorative 
jewels because of their variety of colors, and as medicinal materials for treating cancers, AIDS, and 
other therapeutic uses because of their chemical elements. Corals are mainly composed of calcium car-
bonate (CaCO3) and have many air pores, tens to hundreds of micrometers in size. The refractive indices 
and absorption coefficients of dried sliced staghorn corals are investigated using terahertz time-domain 
spectroscopy. The measured values are similar to those for CaCO3, as expected. It is observed that a 
sample with a microstructure formed by air pores can guide terahertz waves. The dispersion, effective 
index, and loss of the guiding modes of coral core surrounded by five triangular air pores are numeri-
cally calculated. The simulated spatial distribution of the electric field of the guide mode at 1.25 THz 
shows the mode to be tightly confined to the core. 
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I. INTRODUCTION

Coral is a special animal among the cnidarians that was 
once mistaken for plants or minerals, because it looks like 
a plant growing on warm beaches and has a calcareous 
skeleton. It is also very interesting due to the many unique 
features of its material properties. Coral is used as a decora-
tive gem due to its various colors, and because of its chemi-
cal composition it is also used as a medicinal material for 
treating cancer, AIDS, and other therapeutic uses [1]. In the 
past, it was also used as a material for ancient wall paint-
ings [2].

These corals can be divided into stony corals and rela-
tively colorful soft corals. Of these, stony corals are com-

posed mostly of calcium carbonate (CaCO3), which can 
also be used as a mineral [3]. Corals are generally known 
to have numerous air pores, ranging from tens to hundreds 
of micrometers in size [4–6]. There is a possibility that cor-
als can strongly interact with electromagnetic waves in the 
terahertz (THz) region. For example, corals with air pores 
hundreds of microns in size can act as microstructured fi-
bers to guide THz waves. However, it has not been reported 
that THz waves can propagate through the microstruc-
tures of corals. Investigating the guiding of THz radiation 
through corals would be interesting.

In this study, the characteristics of the refractive indices 
of staghorn coral, rock corals with cylindrical branches 
ranging from a few cm to a few meters, are investigated in 
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the frequency range from 0.2 to 1.5 THz using THz time-
domain spectroscopy. The measured refractive indices are 
similar to those of CaCO3, as expected [7]. One sample 
includes a microstructure formed by air pores, like a micro-
structured optical fiber, around a central region. The guid-
ing of THz waves through the microstructure is observed in 
a frequency range above 1 THz.

II. EXPERIMENT

To measure their refractive indices in the THz region, 
staghorn corals were cut in cross section perpendicular to 
the cylindrical axis, using a mechanical saw. Figures 1(a) 
and 1(b) show samples with cross-sectional diameters of 
12 mm (sample 1) and 8 mm (sample 2) respectively. The 
lengths of the samples were about 1.57 mm and 0.86 mm 
respectively. As seen in Fig. 1(b), sample 2 has a structure 
surrounded by air pores, like a microstructured optical fiber, 
around a central region of the sample. It would be interest-
ing to investigate whether that microstructure could guide 

THz waves.
Figure 2 shows a schematic view of the THz time-do-

main spectroscopy system. To generate the THz waves we 
employ the p-type InAs substrate that is generally used for 
THz wave sources with 80-MHz repetition-rate Ti:Sapphire 
femtosecond laser pulses. The input power of femtosec-
ond laser pulses is 350 mW after the mechanical chopping 
blade, with a center wavelength of 800 nm. The incidence 
angle of the femtosecond laser pulses is 45° and they are 5 
mm in diameter on the p-type InAs substrate. The four par-
abolic mirrors focus and collimate the radiated THz waves; 
the focused beam waist is around 1.5 mm. The detector for 
THz waves is used with a 5-μm dipole-gap photoconduc-
tive antenna on the low-temperature-grown GaAs substrate 
with 10 mW femtosecond laser power. To eliminate absorp-
tion by rotational and vibrational modes of water vapor, 
we measure under dry-air conditions at 1% humidity in an 
airtight box.

FIG. 2. Schematic view of the THz time-domain spectroscopy system employed in the experiments.

FIG. 1. Cross-sectional images of samples: (a) sample 1, (b) sample 2.

(a) (b)
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III. RESULTS AND ANALYSIS

To investigate the refractive indices and absorption coef-
ficients of the samples, THz transmission through the sam-
ples was investigated by THz time-domain spectroscopy. 
The refractive indices and absorption coefficient are related 
to phase delay and transmission in the frequency domain. 
The refractive indices are obtained using the followings re-
lations [8]:

O(w) = I(w) exp(– da(w) ) exp(i 2p n1(w)d), (1)2 l

n1(w) = 1 + f I – fOl0, a(w) = – 2 ln( O(w) ) = 4pn2, (2)2pd d I(w) l0

where O(ω) is the THz transmission through the sample, 
I(ω) is the electric field of an incident THz wave, n1 is the 
real refractive index, a(ω) is the power absorption, and n2 
is the imaginary refractive index. Also, d is the thickness of 
the sample, f O and f I are the phases of the THz transmis-
sion signals with and without samples, respectively, and l  
is the wavelength in the medium. To investigate the guiding 
property of the microstructure of sample 2, THz transmis-
sion through the central region containing the microstruc-
ture is compared to that through regions without it. 

Figures 3(a) and 3(b) respectively show time- and fre-
quency-domain transmission waveforms through samples 
with a reference metal hole 2 mm in diameter. The coral 
samples reduce THz transmission by about 20%. In Fig. 
3(a), the slight difference of time delay between transmitted 
THz waves of the samples is due to the different lengths of 
samples. Figure 3(b) shows that, for sample1, the spectral 
characteristics of transmitted THz waves through a central 
region (S1C) are similar to those through an off-center re-
gion (S1O). However, for sample 2 the spectral characteris-

tics of transmitted THz waves through a central region with 
the microstructure (S2C) are different from those through an 
off-center region (S2O), in a frequency range above 1 THz.

Figures 4(a) and 4(b) respectively show the real refrac-
tive indices and absorption coefficients of the samples. 
As expected, the values of both refractive indices and ab-
sorption coefficients of the samples are similar to those of 
CaCO3 [7]. The real refractive index of sample 1 is greater 
than that of sample 2, implying that the number of air pores 
per unit volume for sample 1 is smaller than for sample 2. 
The real refractive indices and absorption coefficients of 
S1O, S1C, and S2O increase over the frequency range from 
0.2 to 1.5 THz. The absorption coefficients of the samples 
increase as the frequency increases. However, it should be 
noticed that the refractive index and absorption coefficient 
of S2C decrease above 1 THz. This implies that the micro-
structure guides THz waves [9]. These results mean that the 
guiding mode spreads out more to the air-cladding region 
as frequency increases, so that the effective refractive index 
and absorption of the guiding mode decrease as frequency 
increases. 

Figure 5(a) shows the transmitted THz waves through 
S2O and S2C between 7 and 12 ps in the time domain, 
which are marked in a circle in the inset. Figure 5(b) pres-
ents the spectral amplitudes of the transmitted THz waves. 
These figures clearly confirm that S2C can guide THz 
waves in the frequency range between 1.1 and 1.6 THz. 
However, it is not clear whether the air-pore microstructure 
guides THz waves around 0.2 THz, because our measure-
ment system contains remarkable noise signals in that fre-
quency range.

It is necessary to study the properties of guiding modes 
through S2C by using numerical simulations, but it is dif-
ficult to reflect exactly the shapes of the air pores in the 
numerical calculations. Thus the air pore was shaped as 
an isosceles triangle with apex angle of 53°. The length of 

FIG. 3. Transmission waveforms in (a) the time domain and (b) the frequency domain, with a reference metal hole 2 mm in diameter.

                                    (a)           (b)
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the perpendicular bisector is 5 mm. The distance between 
the center of the coral and the triangle’s vertex facing the 
center is 1 mm. The length of the sides of triangles is as-
sumed to be 0.85 mm. The commercial simulation program 
Lumerical MODE is employed in the calculation. Perfectly 
matched layer (PML) boundary conditions are applied to 
eliminate reflections at the boundaries, and a dense mesh 
size of 10 μm is used. The real and imaginary refractive in-
dices of the sample (n and k, 2.55 and 0.07 respectively) are 
employed in the simulations. The values are the measured 
indices of the sample at 1.25 THz. Figures 6(a)–6(c) present 
respectively the dispersion, effective index, and loss of the 
guide modes of the microstructured coral fiber surrounded 
by five triangular air pores. The values of dispersion are 
between 1.0 and 1.1 [ps/(nm·km)]. The effective index and 
loss increase as the frequency increases; this implies that 

the electric field of the guide mode is strongly confined in 
the core as the frequency increases. The spatial profile of 
the squared electric field of the guiding mode at 1.25 THz 
is presented in Fig. 6(d). The guiding mode was clearly 
confined to the core surrounded by the triangular air pores. 

IV. CONCLUSION

The refractive indices and absorption coefficients of 
dried sliced staghorn corals were investigated using tera-
hertz time-domain spectroscopy. The measured refractive 
indices and absorption coefficients have similar values to 
those of CaCO3, which is the main constituent of a coral. 
The coral sample with a microstructure surrounded by air 
pores guided waves between 1.1 and 1.6 THz. The disper-
sion, effective index, and loss of the guiding modes through 

FIG. 4. Optical properties of coral samples: (a) indices of refraction (real) and (b) absorption coefficients.

(a) (b)

an

FIG. 5. THz guiding signals: (a) Transmitted THz waves through S2O and S2C between 7 and 12 ps in the time domain, which are 
marked in a circle in the inset. (b) Spectral amplitudes of the transmitted THz waves.

(a) (b)
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the micostructured coral were numerically calculated. The 
spatial distribution of the electric field of the guide mode 
at 1.25 THz showed the mode to be tightly confined to the 
core.
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