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Abstract: Terahertz (THz) frequency generation via nonlinear optical techniques is of particular
interest due to the immense potential of this type of radiation in various scientific fields, ranging
from medicine to telecommunications. Selecting suitable nonlinear media for laser frequency down-
conversion presents a challenging task. Considering an approach that uses nonlinear crystals with
high radiation resistance, pumped by intense laser pulses near their damage threshold, we suggest the
crystal of bismuth triborate (BiB3O6, BIBO). Compared to other borate-class crystals, BIBO exhibits
relatively high coefficients of quadratic susceptibility. In this paper, we have studied the optical
properties of BIBO samples in a wide spectral range from 0.1 to 2.1 THz at temperatures of 473, 383,
295, and 77 K using Terahertz Time-Domain Spectroscopy (THz-TDS). Furthermore, we simulated
collinear three-wave interactions with nonzero efficiency for difference frequency generation (DFG)
in the THz range. For the pump wavelengths of about 800 nm, we determined phase-matching (PM)
conditions and compared the generation efficiency for different crystal cuts. The potential of utilizing
BIBO crystal for terahertz frequency generation is discussed.

Keywords: bismuth triborate; terahertz frequency; refractive index; absorption coefficient;
temperature dependencies; three-wave interactions; THz frequency generation; phase matching

1. Introduction

The rapid development of terahertz (THz) technologies in recent decades in the field
of biomedicine [1,2], monitoring and security systems [3], remote sensing of the atmo-
sphere [4–6], wireless communications [7,8], and scientific research requires high-intensity
and efficient radiation sources with the necessary spectral properties. There are numerous
techniques for generating THz radiation, from classical radio-technical antenna devices
to synchrotron sources. Devices based on photoconductive antennas or optical rectifica-
tion in nonlinear crystals are widely used to solve many spectroscopic problems [9,10].
The approach based on phase-matched (PM) three-wave mixing or difference frequency
generation (DFG) in nonlinear crystals has great potential for high-intensity, spectrally
bright THz generation that is tunable in frequency over a wide range [11,12]. This approach
is common for optical parametric generation in the infrared (IR) range [13].

Photonics 2023, 10, 713. https://doi.org/10.3390/photonics10070713 https://www.mdpi.com/journal/photonics

https://doi.org/10.3390/photonics10070713
https://doi.org/10.3390/photonics10070713
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0002-3311-5088
https://orcid.org/0000-0002-7106-3100
https://orcid.org/0000-0002-3935-0871
https://doi.org/10.3390/photonics10070713
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics10070713?type=check_update&version=2


Photonics 2023, 10, 713 2 of 13

The efficiency of DFG depends not only on the corresponding nonlinear susceptibilities
but also on the number of properties of a nonlinear crystal, such as the laser damage
threshold, absorption coefficients, birefringence, and group-velocity mismatch in different
spectral ranges, PM conditions, and geometric dimensions. All these properties depend in
a complex way on the pump radiation parameters, including the pump wavelength, pulse
duration, beam spatial parameters, and initial pump beam intensity [14,15]. For example,
in an LBO crystal that does not possess high nonlinear susceptibility, a record, up to 90%,
energy efficiency of second-harmonic generation (SHG) was achieved at a pump intensity
of 775 MW/cm2 [16].

The first works devoted to DFG in the THz range considered semiconductor crystals
with large nonlinear coefficients, such as ZnGeP2 and GaSe, popular for parametric gen-
eration in the mid-IR range [17,18]. In recent years, oxygen-containing nonlinear crystals,
for example, β-BBO, LBO, BBO, etc., have been considered for THz frequency genera-
tion [19–22]. They have much lower nonlinear coefficients, but, at the same time, possess
laser-induced damage thresholds that are several orders of magnitude higher and a much
lower absorption coefficient in the main transparency window. This fact should allow for
the frequency conversion of high-peak-intensity emission from short-pulsed laser sources
at visible wavelengths. The lower effective nonlinear coefficient and, hence, lower figure-
of-merit (FOM) values compared to semiconductor crystals do not prevent the higher
conversion efficiency since it is proportional to the pump intensity [23].

Among the known nonlinear crystals of the borate family, special attention should be
paid to bismuth triborate, BiB3O6 (BIBO). BIBO is a positive biaxial crystal that belongs
to the monoclinic crystal system, space group C2 [24]. Due to its chemical composi-
tion, structure, and mature growing technology, it has a low absorption coefficient and
a high laser damage threshold (>300 GW/cm2 under 45 fs pump at 800 nm) in the visi-
ble and near-infrared spectral ranges occupied by powerful solid-state lasers (Nd:YAG,
Ti:sapphire) [25,26]. Compared to other borate crystals, its nonlinear coefficients are ap-
proximately 4 and 1.7 times larger than those of the widely used LBO and β-BBO nonlinear
crystals, respectively. These mark the BIBO crystal as an efficient device for an optical
parametric generation of femtosecond pulses [27,28]. Furthermore, BIBO’s linear absorp-
tion coefficient at the wavelength of 1064 nm is two times lower than that of the β-BBO
crystal [29]. These properties make BIBO more attractive for high-intensity THz wave
generation. In addition, the crystal is non-hygroscopic, thermally stable (has no phase
transitions from 4 K and up to the melting point of 1019 K [30]), has sufficient hardness (5–6
on the Mohs scale), is good for optical polishing, and shows chemical stability, which is
important for practical applications, especially in outdoor scenarios. To date, the terahertz
optical properties of BIBO have not been studied in detail. Our preliminary study on
absorption coefficients and refractive indices in the THz range for the principal optical
axes of the crystal performed at room temperature allowed us to estimate possible PM
conditions for DFG, revealing the prospects of BIBO [31,32]. To discover the full potential
of the crystal for THz frequency generation, further verification is required.

A recently published article attempted to obtain THz generation from the BIBO crys-
tal [33]. However, the authors used a sample that was cut for second-harmonic generation
(θ = 28.9◦). As a result, the registered THz generation output was likely inefficient, and the
provided THz spectra were questionable and possibly misinterpreted.

In this work, the optical properties of the BIBO crystal were thoroughly studied in the
THz range at different temperatures. The data obtained were used to simulate all possible
PM conditions for collinear three-wave mixing, considering the THz radiation generation.
We evaluated the efficiency and determined the optimal conditions for nonlinear conversion.
This knowledge is crucial for the development of efficient and reliable nonlinear optical
devices that employ BIBO crystals.
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2. Materials and Methods
2.1. Properties of Samples under Test

We studied the THz optical properties of four BIBO crystal samples with a clear
aperture diameter of 1 cm. Two samples were cut perpendicular to the dielectric y-axis
and further referred to as y-cut samples with thicknesses of 526 and 5080 µm. The other
two samples were x-cut with thicknesses of 518 and 5430 µm. Using additional thick
samples allows us to measure absorption coefficients at a frequency range < 0.4 THz more
accurately compared with the thin samples. The samples were obtained from Castech®,
and their thicknesses were measured using a calibrated micrometer and refined using
a measuring microscope. According to Castech’s inspection report, the samples were
cut with an angle tolerance not exceeding 5′ for thick samples and 10′ for thin samples.
Note that generally, for monoclinic point group 2 crystals, only one of the dielectric axes
coincides with the crystallographic one. Thereby, the xyz frame rotates around one of the
axes, and the angle depends on both wavelength and temperature [34]. Specifically, in the
case of the BIBO crystal, the y- and z-axes rotate about the crystallographic b-axis, but their
wavelength dependence does not exceed ∆Φ = ±1◦ in the main transparency window [29].
It is important to consider this fact when conducting polarimetry measurements to ensure
accurate results. The arrangement of the dielectric (xyz), crystallophysical (XYZ), and
crystallographic (abc) coordinate frames for the y-cut sample is depicted in Figure 1.
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Figure 1. Mutual arrangement of the BIBO crystal coordinate frames in the y-cut sample.

2.2. Temperature-Dependent THz Polarimetry

Terahertz optical properties of the BIBO crystals were measured in the transmission
geometry using manufactured in-house broadband THz-TDS, the scheme of which can be
found in [35,36]. As a source of the femtosecond pulses, we used the emission of the second
harmonic of the Er-doped fiber laser FFS-SHG (Toptica Photonics AG, Germany, Gräfelfing),
with a mean power of 80 mW, central wavelength of 775 nm, and pulse duration of 130 fs.
The THz waves were generated by an interdigitated large-area photoconductive antenna,
iPCA-21-05-300-800-h (Batop, Germany, Jena), and detected utilizing the free space electro-
optic sampling technique in a (110)-cut 2 mm thick ZnTe crystal. Samples were placed in a
heating cell controlled by a PID regulator, TRM251 (Owen, Russia, Moscow), capable of
maintaining the temperature with an accuracy of 0.1 ◦C. To avoid a temperature gradient in
the crystal, we preliminary measured the time required to establish thermal equilibrium in
a heating cell using a calibrated thermocouple mounted on the surface of the sample under
test before conducting THz measurements. The use of polytetrafluoroethylene windows
covering the heating cell minimized temperature fluctuations caused by air drift. On
average, it took about 10 min to establish temperature equilibrium.
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The optical properties of two principal dielectric axes of the BIBO samples were mea-
sured without rotating and replacing the sample, following the procedure described in [37].
According to this technique, the sample understudy was installed at an approximately
45◦ angle relative to the initial polarization of the THz field. The crystal’s principal axis
of interest was selected by simultaneously rotating in concert two high-performance grid
polarizers at ±45◦.

Terahertz absorption coefficients and refractive indices of the samples under study
were extracted from the time-domain signals using a technique described in [38].

3. Results
3.1. Optical Properties of BIBO Crystal in the THz Range at Room Temperature

The THz optical properties of the BIBO crystal were measured for both thick and thin
samples at room temperature. The use of thin samples enabled the spectra to be acquired
at frequencies higher than 1.5 THz, where the absorption coefficient exceeded the value of
10 cm−1. Conversely, thick samples allowed us to obtain valid data in the frequency range
below 0.5 THz, where the absorption coefficients were less than 0.1 cm−1. By combining
the spectra for both thicknesses of the samples, reliable data were obtained in the range of
0.1–2.1 THz. As a result, the extracted absorption coefficients and the refractive indices for
the BIBO principal axes in a broad spectral range are shown in Figure 2.
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Figure 2. Optical properties of the BIBO crystal in the THz range at room temperature: (a) mea-
sured absorption coefficient of the crystal principal dielectric axes for two different sets of sam-
ples with thicknesses of 0.5 and 5 mm; (b) combined refractive indices of principle axes and their
Sellmeier fitting.

The absorption coefficient along the dielectric z-axis varies from almost “0” cm−1 (con-
sidering the measurement error) in the frequency region below 0.3 THz up to
16 cm−1 at 2.1 THz. The absorption coefficients along the x- and y-axes were found
to be practically similar to each other and increased slightly up to 4 cm−1 at a frequency
of 2.1 THz. The refractive index of the x-axis nx slightly deviates upwards from a straight
line in the frequency range below 0.4 THz. This deviation is most probably due to the
Gouy phase shift of the focused THz wave in the thick (5 mm) sample, which, in our case,
is not compensated by the spectra-processing algorithms [39]. Therefore, the data points
in this range were omitted while fitting the curve with the Sellmeier equation. The final
dispersion expressions for the principal axes of the BIBO crystal at room temperature are
shown below:
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n2
x = 4.940 + 0.700·λ2

λ2−3777 ,

n2
y = 6.372 + 0.992·λ2

λ2−7100 ,

n2
z = 7.610 + 6.456·λ2

λ2−6515 .

(1)

3.2. Temperature-Dependent Optical Properties

Temperature-dependent optical properties were only measured for the thick samples
of the BIBO crystals. To obtain valid data on refractive indices and absorption coefficients,
we considered the linear thermal expansion of the crystal. Linear thermal expansion
coefficients were taken from [30]. Since the y dielectric axis lies between the a and c
crystallographic axes, which have different signs of thermal expansion coefficients, the
resulting thermal expansion of the y-cut sample is almost negligible. Cooling the sample
down from room temperature to the liquid nitrogen (LN) temperature causes its length
to increase by 6.3 µm, while heating from 22 to 200 ◦C leads to a length compression of
5.6 µm. As the x dielectric axis coincides with the b crystallographic axis, which has the
highest linear expansion coefficient, the resulting expansion of the x-cut sample is more
noticeable. Cooling the x-cut sample down to the LN temperature shrinks its length by
58 µm, while heating it to 200 ◦C leads to a 52 µm increase. Figure 3 shows the temperature
dependencies of the absorption coefficients for all principal axes of the BIBO crystal.
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Figure 3. Absorption coefficient of the BIBO crystals in the THz range at different temperatures
(77–473 K): (a) x-axis; (b) y-axis; (c) z-axis.

At longer wavelengths (>1500 µm), the absorption coefficients for all components are
less than 0.1 cm−1 and practically do not change with the temperature within the limits
of measurement accuracy. Heating the samples leads to a small linear increase in the
absorption coefficients in the short-wavelength region (<1500 µm or >0.2 THz). In this
range, the absorption coefficients along the z-axis of the crystal are the largest (8 cm−1 at
300 µm), while the absorption along the x- and y-axes is about 1.6 times lower. Additionally,
cooling the samples down to 77 K at these wavelengths leads to a drastic decrease in
absorption coefficients (from 8 to 10 times). This behavior can be described by an analogy
with data on the temperature-dependent THz absorption of α-BBO crystal by Prof. X.-C.
Zhang et al. [40]. According to this work, the phonon absorption peak at 2.5 THz becomes
narrower and shifts to a higher frequency at a low temperature due to the Bose–Einstein
distribution of vibrational modes. And vice versa, at higher temperatures, the center
frequency of the phonon experiences a red shift while the peak width broadens. In the
case of the BIBO crystal, the absorption is more likely caused by the low-frequency tail of a
phonon peak. According to Raman spectroscopy, the center frequency of this peak should
be located near 4.3 THz [41,42]. Unfortunately, the limited bandwidth of our THz-TDS
does not allow us to reveal this phonon directly.
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The temperature dependencies of the BIBO refractive indices are shown in Figure 4.
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Figure 4. Experimentally measured and Sellmeier-fit refractive indices of the BIBO crystal in the THz
range at different temperatures (77–473 K): (a) x-axis; (b) y-axis; (c) z-axis.

The long-wavelength tails of the refractive indices along the x- and y-axes decrease
in proportion to the square of the temperature change upon cooling. The behavior of the
refractive index along the z-axis is linear with respect to the temperature change. The
upward deviation from the straight line of the long-wavelength tails of the refractive
indices along the x- and y-axes may be related to diffraction in the thick samples, which is
also confirmed by the presence of an interference pattern in the long-wavelength region
of the absorption spectra in Figure 3a,b. Due to this fact, experimental points with a
wavelength > 1000 µm were omitted during the fitting process. Temperature-dependent
Sellmeier coefficients were found in the vicinity of the values corresponding to the room
temperature (1).

The temperature dependence of the fitted Sellmeier coefficients for all principal axes is
shown in Figure 5 and Table 1.
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Figure 5. Temperature dependence of Sellmeier coefficients: (a) x-axis; (b) y-axis; (c) z-axis.

The temperature dependencies of the Sellmeier coefficients Ax and Ay were fitted with
a quadratic polynomial, while for all other coefficients a linear fit was performed. The first
derivatives of these coefficients with respect to the temperature are shown in Table 2.
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Table 1. Sellmeier coefficients for different temperatures.

Principle
Axis (ni)

T (◦C) T (K) Ai (a.u.) Bi (a.u.) Ci (µm2)

nx

−196 77 4.888 0.720 3532
22 295 4.940 0.700 3777

110 383 4.979 0.690 3841
200 473 5.028 0.678 3881

ny

−196 77 6.326 1.004 6808
22 295 6.372 0.992 7100

110 383 6.409 0.985 7477
200 473 6.463 0.977 7646

nz

−196 77 7.569 6.492 6345
22 295 7.610 6.456 6515

110 383 7.630 6.480 6410
200 473 7.658 6.506 7020

Table 2. Form of temperature derivatives of the fitted Sellmeier coefficients.

Principle Axis (ni) dAi × 105 (K−1) dBi × 104 (K−1) dCi (µm2·K−1)

nx 0.127·T + 0.69 −1.053 0.91

ny 0.155·T − 8.30 −0.667 2.16

nz 21.9 0.214 1.33

As a result, we propose a form of dispersion equations as an integral function of T
based on the corresponding temperature coefficients and their temperature derivatives:

n2
i (T) = Ai0 +

T∫
T0

dAidT +

(
Bi0 +

T∫
T0

dBidT

)
· λ2

λ2 −
(

Ci0 +
T∫

T0

dCidT

)
.

(2)

Such modified equations allow one to determine the refractive indices in the wave-
length range of 150–3000 µm (0.1–2.0 THz) for any desired temperature in the range of
77–473 K. We suggest using the coefficients from the equations obtained at room tempera-
ture as the initial ones since they were derived from the combined experimental data of
two different thicknesses of the BIBO samples, which makes them more accurate.

To determine the refractive index value at the pump wavelength, we used thermo-
optics dispersion formulas presented in [43]. Although these formulas were only validated
for a temperature range of 20 ◦C to 120 ◦C, their linear dependence allows us to estimate
the refractive index at other temperatures as well.

The resulting equations enable the numerical calculation of the temperature-dependent
PM conditions for the down-conversion of femtosecond laser radiation into the THz range.
Finding such conditions, also known as birefringent phase matching, for fixed wavelengths
is numerically equivalent to adjusting the refractive indices of the corresponding extraordi-
nary waves according to the polar and azimuthal angles θ and ϕ in such a way as to zero
the wavevector mismatch:
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k3 − k2 − k1 = 0
ki(λ, T, ϕ, θ) = 2π · n(e,o)

i (λ, T, ϕ, θ) · λi
−1 (3)

where λi and ki are wavelengths in µm and wave vectors. In this case, k3 and k2 correspond
to the pump and idler waves in the near-IR spectral range, and k1 is a signal wave in the
THz range (λ1 > λ2 > λ3). Assuming the conversion of a broadband spectrum of the pump
wave, for simplicity, we can fix λ3. Then, for any predetermined signal wavelength λ1 it is
possible to uniquely choose an idler wavelength λ2 in the vicinity of λ3 to fulfill the energy
conservation condition:

λ2 =
λ1λ3

λ3 + λ1
. (4)

It is necessary to keep in mind that all types of three-wave mixing processes can be
realized in the case of down-conversion into the THz range, i.e., beyond the “Reststrahlen”
band of the crystal, if the corresponding effective nonlinear coefficient is not equal to
zero. For example, it was found that the mixing of three extraordinary waves in GaSe
crystal leads to effective THz generation [44]. To avoid any misconduct, for BIBO being a
biaxial crystal, we have chosen “slow” and “fast” notation for interacting waves instead of
“ordinary” and “extraordinary”, generally used in the case of uniaxial crystals. For instance,
in the case of three-wave mixing in the xz plane of a BIBO crystal for which the condition
nz > ny > nx is satisfied both in the optical and THz ranges, the ke

1 = ke
3 − ke

2 type of

interaction should be denoted as k f
1 = k f

3 − k f
2 when θint < Vz and as ks

1 = ks
3 − ks

2 when
θint > Vz [45], where Vz is an angle of the optical axes with the principal axis z.

The calculated wavevector mismatch for all three principal planes of BIBO is shown
in Figure 6. Here, we choose λ1 = 1000 µm as a signal wavelength in the THz range and
λ3 = 0.8 µm as a pump wavelength, corresponding to a Ti:sapphire femtosecond laser.
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Figure 6. Wavevector mismatch for down-conversion into the THz range in the principal planes of
BIBO crystal: (a) xy plane; (b) xz plane; (c) yz plane.

All types of wave interactions in the xy (Figure 6a) and yz (Figure 6c) principal planes
exhibit a nonzero phase mismatch for λ1 = 1000 µm at any temperature considered. It
indicates the non-fulfillment of the phase-matching conditions in these planes. On the other
hand, calculations show that near the crystal optical axis in the xz principal plane, the PM
conditions are satisfied for s− f = f and s− f = s mixing when θint < Vz and for s− f = s and
s− f = f interactions when θint > Vz (Figure 6b). However, it should be noted that these types
of frequency conversion are highly sensitive to changes in angle and possess an angular
bandwidth ∆θ of only 6 mrad for a 1 mm sample. In other words, even a slight rotation of
the sample by 1◦ results in a PM frequency offset of 1.2 THz due to the large birefringence
of the BIBO crystal. These four interactions turn out to be pairwise symmetric with respect
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to the angle Vz. The values of the effective nonlinear coefficient deff corresponding to
them are numerically identical in the same pairs [29]: de f f = −d14 sin 2θ for s − f = f
(θint < Vz) and s − f = s (θint > Vz) types, and de f f = d12 cos θ for s − f = s (θint < Vz)
and s − f = f (θint > Vz), assuming Kleinman symmetry due to close-to-zero absorption
coefficients in the considered range.

4. Discussion

We have calculated temperature-tuning curves for the types of interactions involving
PM in the xz plane. The dependence of the PM angles on λ1 is shown in Figure 7a. The
semi-transparent curves correspond to PM at the LN temperature and 473 K (200 ◦C). These
curves are again pairwise symmetrical with respect to the Vz angle and follow it upon
heating. The Vz changes from 26.8◦ to 25.2◦ when the crystal is heated from 77 K to 473 K.
Figure 7b represents these changes at the wavelength of λ3 = 0.8 µm (dashed blue curve)
and the corresponding temperature shift of the PM curves presented for the fixed signal
wavelength at λ1 = 1000 µm.
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Figure 7. Temperature dependence of phase-matching conditions for the xz plane: (a) phase-matching
angles for different signal wavelengths λ1; (b) phase-matching angles for λ1 = 1000 µm.

Let us consider a crystal cut with θint = 25.68◦ and φ = 0◦ which corresponds to the
PM wavelength of λ1 = 1000 µm at room temperature. Temperature-tuning curves for this
case are shown in Figure 8. Changing the crystal temperature makes it possible to tune the
signal wavelength λ1 over a wide spectral range. Varying the temperature from −50 ◦C
to 50 ◦C, allows for access to the wavelength of 590–2165 µm (0.14–0.65 THz). However,
for temperatures from 70 ◦C to 106 ◦C, the curves show quite a radical slope, which
makes tuning almost unusable in real life since it requires the most precise temperature
control. Moreover, in this case, the signal wavelength λ1 shifts to the millimeter range or
microwaves rather than the THz region.

In this case, the selected crystal cut has a “walk-off” angle ρ that does not exceed
60 mrad. Therefore, the effective aperture length La for a pump beam with a diameter
of 1 mm is found to be more than 16 mm. Additionally, the coherence length for the
optical rectification of femtosecond pulses generating THz radiation should be about
1 mm, according to [46]. Finally, these data allow us to simulate the resulting spectra of
THz generation under a high-intensity pump. To simulate DFG THz spectra, we used a
formula for the DFG conversion efficiency in the infinite plane wave under a non-depleted
pump approximation, including the effects of the linear absorption from [23] and the values
of corresponding nonlinearity tensors in the dielectric frame from [29]. Simulated DFG
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THz spectra for a 5 mm thick PM cut crystal, as well as for an x-cut (yz plane) crystal of the
same thickness under a 1 TW·cm−2 pump at 800 nm, at room temperature, are shown in
Figure 9.
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Figure 8. Temperature dependence of the phase-matching curves for the BIBO cut at θint = 25.68◦ in
the xz plane.

Photonics 2023, 10, x FOR PEER REVIEW 11 of 14 
 

 

and the values of corresponding nonlinearity tensors in the dielectric frame from [29]. 

Simulated DFG THz spectra for a 5 mm thick PM cut crystal, as well as for an x-cut (yz 

plane) crystal of the same thickness under a 1 TW∙cm−2 pump at 800 nm, at room 

temperature, are shown in Figure 9. 

  

Figure 9. Simulation of terahertz generation by collinear three-wave mixing: (a) phase-matched 

cut crystal; (b) x-cut crystal. 

The total intensity of the THz-generated spectra for the PM cut crystal (Figure 9a) 

shows two peaks corresponding to the PM interactions and a broad band substrate 

caused by optical rectification. The simulated intensities in these spectra are mostly 

limited by the effective lengths of the sample. In the case of PM interactions, the sample 

length limits the intensity, and in the case of optical rectification, the coherence length 

limits it. It is interesting to note that our calculations show that the total intensity of 

optical rectification in the x-cut sample is only one order of magnitude lower than the 

intensity of PM interaction in the PM cut crystal. Taking into account the high values of 

its nonlinear coefficients, it renders BIBO as one of the most prospective crystals of the 

borate family for phase- and non-phase-matched THz generation. The FOM for THz 

DFG in the BIBO crystal is estimated to be 1.5 times greater than that of the β-BBO 

crystal and almost 75 times greater than that of the LBO crystal. 

5. Conclusions 

In this research, we performed a thorough experimental study of the optical 

properties of the bismuth triborate nonlinear crystal in the range of 0.1–2.1 THz at 

temperatures from −196 °C to 200 °C. As a result, a new set of thermo-optic dispersion 

formulas was derived. We found that the BIBO crystal has nearly “zero” absorption 

coefficients below 0.33 THz; moreover, cooling it down to the LN temperature expands 

its transparency up to 1 THz. Our calculations on the PM conditions for collinear three-

wave mixing processes providing efficient THz radiation generation allowed us to 

identify the optimal crystal cut. The PM conditions are fulfilled in the principal xz plane 

of the crystal for θint = 25.68° at room temperature. Due to the narrow angular bandwidth 

of the DFG, we propose the use of temperature tuning for the PM frequency instead of 

crystal rotation. Varying the crystal temperature from −50 °C to 50 °C corresponds to the 

frequency tunning range of 0.14–0.65 THz. Taking into account the smaller absorption 

coefficients of BIBO, this reveals its higher potential efficiency of THz nonlinear 

generation compared to the other crystals of the borate family. Despite the absence of 

the PM interactions in the xy and yz planes, the optical rectification coherence length for 

these planes is also in the range of 1 to 5 mm, making them viable for high-intensity 

frequency conversion into the THz range. 

0.4 0.8 1.2
101

102

103

104

105

106

In
te

n
si

ty
 (

a.
u

.)

Frequency (THz)

 I(k s1 = k s3 - k s2 (int < Vz)) 

 I(k f1 = k s3 - k s2 (int < Vz))

 I(k s1 = k s3 - k f2 (int < Vz))

 I(k s1 = k f3 - k s2 (int < Vz))

 I(k f1 = k s3 - k f2 (int < Vz))

 I(k f1 = k s3 - k f2 (int < Vz))

 I(k s1 = k f3 - k f2 (int < Vz))

 I(k f1 = k f3 - k f2 (int < Vz))

 SI(BIBO-xz-plane)

(l = 5 mm, int = 25.68°,int = 0°)

(a)

0.4 0.8 1.2
101

102

103

104

105

106

In
te

n
si

ty
 (

a.
u

.)

Frequency (THz)

 I(k f1 = k f3 - k f2) 

 I(k s1 = k f3 - k f2)

 I(k f1 = k f3 - k s2)

 I(k f1 = k s3 - k f2)

 I(k s1 = k f3 - k s2)

 I(k s1 = k f3 - k s2)

 I(k f1 = k s3 - k s2)

 I(k s1 = k s3 - k s2)

 SI(BIBO-yz-plane)

(l = 5 mm, int = 0°,int = 0°)

(b)

Figure 9. Simulation of terahertz generation by collinear three-wave mixing: (a) phase-matched cut
crystal; (b) x-cut crystal.

The total intensity of the THz-generated spectra for the PM cut crystal (Figure 9a)
shows two peaks corresponding to the PM interactions and a broad band substrate caused
by optical rectification. The simulated intensities in these spectra are mostly limited by
the effective lengths of the sample. In the case of PM interactions, the sample length
limits the intensity, and in the case of optical rectification, the coherence length limits
it. It is interesting to note that our calculations show that the total intensity of optical
rectification in the x-cut sample is only one order of magnitude lower than the intensity of
PM interaction in the PM cut crystal. Taking into account the high values of its nonlinear
coefficients, it renders BIBO as one of the most prospective crystals of the borate family
for phase- and non-phase-matched THz generation. The FOM for THz DFG in the BIBO
crystal is estimated to be 1.5 times greater than that of the β-BBO crystal and almost
75 times greater than that of the LBO crystal.
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5. Conclusions

In this research, we performed a thorough experimental study of the optical properties
of the bismuth triborate nonlinear crystal in the range of 0.1–2.1 THz at temperatures
from −196 ◦C to 200 ◦C. As a result, a new set of thermo-optic dispersion formulas was
derived. We found that the BIBO crystal has nearly “zero” absorption coefficients below
0.33 THz; moreover, cooling it down to the LN temperature expands its transparency up to
1 THz. Our calculations on the PM conditions for collinear three-wave mixing processes
providing efficient THz radiation generation allowed us to identify the optimal crystal cut.
The PM conditions are fulfilled in the principal xz plane of the crystal for θint = 25.68◦ at
room temperature. Due to the narrow angular bandwidth of the DFG, we propose the
use of temperature tuning for the PM frequency instead of crystal rotation. Varying the
crystal temperature from −50 ◦C to 50 ◦C corresponds to the frequency tunning range of
0.14–0.65 THz. Taking into account the smaller absorption coefficients of BIBO, this reveals
its higher potential efficiency of THz nonlinear generation compared to the other crystals
of the borate family. Despite the absence of the PM interactions in the xy and yz planes,
the optical rectification coherence length for these planes is also in the range of 1 to 5 mm,
making them viable for high-intensity frequency conversion into the THz range.
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