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1. Introduction

The properties of THz waves differ significantly from those 
of higher frequency optical waves and lower frequency radio 
waves in the electromagnetic spectrum. Therefore, THz photo
nics opens new possibilities for both fundamental and indus
trial applications previously inaccessible in the optical and radio 
waves.[1–6] Ultrabroadband THz waves, which reside within the 
wide frequency range of 0.3–20 THz, have many advantages. 

Ultra-broadband THz photonics covering the 0.3–20 THz range provides a 
very attractive foundation for a wide range of basic research and industrial 
applications. However, the lack of ultra-broadband THz devices has yet to 
be overcome. In this work, high-density organic electro-optic crystals are 
newly developed for efficient THz wave generation in a very broad THz 
spectral range and are successfully used for a broadband THz time-domain 
spectroscopy. The new organic THz generator crystals, namely the OHP-TFS 
crystals, have very low void volume, high density, and are shown to cover the 
ultra-broadband THz spectrum up to about 15 THz, which cannot be easily 
accessed with the more widely used inorganic-based THz generators. In addi-
tion to the very favorable broadband properties, the generated THz electric-
field amplitude at the pump wavelength of 1560 nm is about 40 times higher 
than that generated by a commercial inorganic THz generator (ZnTe crystal). 
By using the newly developed OHP-TFS as generation crystal in a compact 
table-top all-organic THz time-domain spectrometer based on a low-cost 
telecom fiber laser, the optical characteristics of a model material are success-
fully determined in the broad 1.5–12.5 THz range with high accuracy.

J. H. Seok, S. J. Kim, Prof. O. P. Kwon
Department of Molecular Science and Technology
Ajou University
Suwon 443-749, Korea
E-mail: opilkwon@ajou.ac.kr

Dr. U. Puc, Dr. M. Jazbinsek
Institute of Computational Physics
Zurich University of Applied Sciences (ZHAW)
Winterthur 8401, Switzerland
E-mail: mojca.jazbinsek@zhaw.ch
W. Yoon, Prof. H. Yun
Department of Chemistry & Department of Energy Systems Research
Ajou University
Suwon 443-749, Korea
I. C. Yu, Prof. F. Rotermund
Department of Physics
Korea Advanced Institute of Science and Technology (KAIST)
Daejeon 34141, Korea
Prof. D. Kim
Department of Chemistry
Kyonggi University
San 94–6, Iui-dong, Yeongtong-gu, Suwonsi, Gyeonggi 443-760, Korea

© 2021 The Authors. Advanced Optical Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the  
Creative Commons Attribution-NonCommercial-NoDerivs License, 
which permits use and distribution in any medium, provided the original 
work is properly cited, the use is non-commercial and no modifications 
or adaptations are made.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adom.202100618.

Specific optical phonons (and molecular 
vibrations) in materials have remarkably 
different THz excitation frequencies.[6–12] 
Consequently, many material parameters 
such as the refractive index, absorption 
coefficient, and conductivity vary at dif
ferent THz frequencies in the wide range. 
However, the lack of ultrabroadband THz 
devices and materials, including genera
tors and detectors blocks the proliferation 
of THz applications. Consequently, a lot 
of research effort has been devoted to 
enhancing the bandwidth of various types 
of THz generators and detectors.[13–15]

The realization of ultrabroadband THz 
devices with widely used inorganic mate
rials is rather difficult. For example, zinc 
telluride (ZnTe), the most widely used 
inorganic semiconducting crystal, can 
generate highenergy and highintensity 
THz waves that reach THz pulse ener
gies of about 14 μJ and THz electric fields 
of about 570  kV cm−1.[16–19] However, the 

corresponding THz bandwidth generated by inorganic crys
tals covers only the lower frequencies in the THz region (e.g.,  
<3 THz for ZnTe). This is primarily because of the strong 
transverse phonon mode in the frequency range or the poor 
phasematching between the optical pump and the gener
ated THz waves.[13,15,20,21] A broader spectral bandwidth can be 
achieved using a very thin inorganic crystal (<0.1 mm) because 
of the reduced THz selfabsorption and relaxed phasematching 
restriction. However, because the opticaltoTHz conversion 

Adv. Optical Mater. 2021, 9, 2100618

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202100618&domain=pdf&date_stamp=2021-06-04


www.advancedsciencenews.com www.advopticalmat.de

2100618 (2 of 8) © 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

efficiency is proportional to the square of the thickness (at 
phase matching), the generated THz amplitude is relatively 
very small (e.g., one or two orders of magnitude smaller than 
those of the commonly used millimeterthick crystals). Another 
benchmark inorganic crystal, nonlinear optical lithium niobate 
(LiNbO3), that requires a complicated tilted pulse front excita
tion setup, shows a similar bandwidth limitation for THz gen
eration. Photoconductive antennas utilizing inorganic semicon
ductors also mostly exhibit a relatively small bandwidth limited 
to few THz only. As for generation, the detection of THz waves 
using inorganic materials also shows the relatively small band
width due to the absorption and phasematching limitations.

In addition to the inability to fulfill the ultrabroadband 
requirement in THz devices, many THz generators require 
bulky and expensive highpower laser systems, such as optical 
parametric amplifiers and regenerative amplifiers. Therefore, 
efficient THz generation materials that could be used even in 
more compact ultrabroadband THz spectroscopy systems cov
ering the THz range beyond 10 THz are strongly desired. The 
introduction of organic materials is one potential route to over
come the bandwidth limitation of inorganic materials in THz 
systems.

In this work, we provide a design strategy for organic 
electrooptic crystals having highdensity for efficient ultra
broadband THz wave generation. The newly designed organic 
crystals consist of yellowcolor, linear rodshaped cationic 
chromophores and noncolor anions that possess both tight 
packing and multiple interionic interaction abilities. The crys
tals therefore have very small void volume and high density. 
The results show ultrabroadband and efficient THz generation 
at frequencies of up to about 15 THz. The amplitude of the 
THz electric field generated by the organic crystals is about 40 
times higher than that generated by their inorganic counter
part (ZnTe crystal). The tabletop allorganic THz timedomain 
spectroscopy system based on a newly developed organic THz 
generator thereby allows the characterization of optical prop
erties (the refractive index and the absorption coefficient) of a 
model sample to be measured over a broad THz range with a 
high accuracy.

2. Results and Discussions

2.1. Design of High-Density Organic Electro-Optic Crystals

Figure 1a shows the chemical structure of the newly designed 
highdensity nonlinear optical crystals. To achieve ultrabroad
band THz wave generation with simple collinear setups, 
the nonlinear optical crystals should possess the following 
properties: i) large macroscopic secondorder optical nonlin
earity, ii) good phase matching (velocity matching) between 
the optical and THz waves, and iii) small optical and THz 
wave absorption.[21–26] We consider these three requirements 
in the design of the new nonlinear optical crystals in this 
work. To obtain a large macroscopic nonlinear optical coef
ficient in the crystal (effective hyperpolarizability tensor 
components effβijk  of ≥100  × 10–30 esu), strong electronwith
drawing pyridinium and benzothiazolium are introduced to 
the OHP (4(4hydroxystyryl)1methylpyridinium1ium) and 

OHB (2(4hydroxystyryl)3methylbenzothiazol3ium) cat
ions, respectively. Moreover, to achieve good phase matching 
between the infrared wavelength of the optical pump beam and 
the generated THz waves, yellowcolor cationic chromophores 
are introduced. In previous studies, yellowcolor cations with 
an absorption maximum wavelength λmax near 400 nm exhib
ited a high probability of achieving good phasematching at 
the optical pump wavelengths of 1140–1300 nm and above.[22,23] 
When a strong electrondonating dialkylamino group is intro
duced with strong electronwithdrawing pyridinium or benzo
thiazolium groups in chromophores, the absorption maximum 
wavelength λmax shifts to near 500 nm.[26–28] Therefore, in this 
work, we selected the phenolic electron donor group as it has a 
relatively weak electron donating strength. The counter anion, a 
noncolor 4(trifluoromethyl)benzenesulfonate (TFS) anion was 
used for both crystals.

To achieve ultrabroadband THz generation, it is important 
that the organic electrooptic crystals have a small amplitude 
of vibrational modes.[21] The vibrational motions, including the 
phonon modes in organic electrooptic crystals (i.e., THz gen
erator), lead to selfabsorption of the generated THz waves.[10] 
For inorganic electrooptic crystals such as ZnTe, GaP, and 
LiNbO3, the phononinduced selfabsorption is relatively large, 
which typically limits the generation and detection bandwidth 
of these materials up to few THz only. Note that the damage 
threshold of organic electrooptic crystals may be lower than for 
inorganic crystals at the same experimental conditions. How
ever, the damage threshold of organic electrooptic crystals is 
not a problem for relatively lowfluence optical pump pulses 
such as used in this work as well as the pump wavelength well 
above the absorption range of these crystals. In addition, intro
ducing yellowcolor cations (OHP and OHB) in this work is an 
asset considering possible photostability issues compared to 
other benchmark organic crystals (red or orange color) because 
of the lower wavelength of absorption maximum (i.e., further 
away from the optical pump wavelength and also from the two
photon absorption wavelength). Therefore, we consider organic 
electrooptic crystals as very suitable for ultrabroadband THz 
spectroscopy systems, especially in simple collinear setups 
based on lowpower, relatively lowcost, and compact femto
second lasers. However, the vibrational modes still limit the 
achievable dynamic range with organic crystals at certain THz 
frequencies.[10,29]

To reduce the vibrational amplitude in the crystal, a decrease 
of the void volume (and increase in density) and an increase in 
the interionic interactions in the design are required. A large 
void volume may result in a large vibrational amplitude. Here, 
all the cations and anions can be packed tightly and have mul
tiple interionic interaction ability. The OHP and OHB cations 
possess a simple flat rod shape that can be compactly stacked 
together with small steric hindrance. In addition, all the cations 
and anions consist of almost fully πconjugated systems (i.e., 
without nonπconjugated aliphatic groups). The πconjugated 
structure can induce various types of interionic attractive inter
actions due to partially negativecharged πelectron and par
tially positivecharged hydrogen substituents.[30] The phenolic 
OH substituents on the cations and the SO3

– and CF3 
substituents on the anions possess multiple hydrogenbonding 
abilities.[31–34]
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2.2. Large Optical Nonlinearity with Good Phase  
Matching Possibility

To investigate whether the newly designed organic crystals 
OHPTFS and OHBTFS exhibit noncentrosymmetric or 
centrosymmetric arrangements of their respective nonlinear 
optical cations OHP and OHB, qualitative powder second 
harmonic generation (SHG) measurements[35,36] were per
formed at the fundamental wavelength of 1300 nm. As shown 
in Figure  1b, OHPTFS showed a strong SHG signal, while 

no SHG signal was observed for OHBTFS. This shows that 
OHPTFS crystals exhibit a noncentrosymmetric crystal struc
ture and therefore, secondorder nonlinearity, while OHBTFS 
crystals exhibit a centrosymmetric structure. To investigate 
the molecular ordering of OHPTFS crystals in more detail, 
singlecrystal Xray structure analysis was performed. OHP
TFS crystals exhibit a noncentrosymmetric P1 crystal structure. 
The details are listed in the Supporting Information. As shown 
in Figure  1c, in OHPTFS crystals, the nonlinear optical OHP 
cations show a perfectly parallel alignment, which results in 
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Figure 1. a) Chemical structure of the newly designed organic crystals OHP-TFS and OHB-TFS. b) Qualitative powder SHG measurements of OHP-TFS 
and OHB-TFS at the fundamental wavelength of 1300 nm: spectrum of the reflected signal. c) Perfectly parallel alignment of nonlinear optical cations 
in OHP-TFS crystals: the solid and the dotted arrows respectively represent the direction of the polar axis and the main microscopic charge transfer 
axis projected to the plane normal to the crystallographic a-axis. d) Photographs of an as-grown OHP-TFS crystal with the direction of the polar axis 
determined using a polarizer.
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the maximum value of the diagonal effective hyperpolarizability 
tensor element 111

effβ . The OHPTFS crystals have a very large 
diagonal component of the effective hyperpolarizability tensor 

111
effβ  (125 × 10–30 esu). The value of the diagonal component was 

evaluated based on the microscopic first hyperpolarizability 
βmax of OHP cations (125  × 10–30 esu) obtained from density 
functional theory (DFT) calculations and the perfectly parallel 
packing of the OHP cations.[37,38]

The diagonal nonlinear optical coefficient of OHPTFS 
crystals (125  × 10–30 esu) is a comparable to the values in 
benchmark organic THz crystals; for example, nonionic 
OH1 (2(3(4hydroxystyryl)5,5dimethylcyclohex2enylidene)
malononitrile) crystals (63  × 10–30 esu) and ionic OHQT 
(2(4hydroxystyryl)1methylquinolinium 4methylbenze
nesulfonate) crystals (121  × 10–30 esu), DAST (4(4(N,N
dimethylamino)styryl)1methylpyridinium 4methylbenzene
sulfonate) crystals (161 × 10–30 esu), and DSTMS ((4(4(N,N
dimethylamino)styryl)1methylpyridinium 2,4,6trimethylb
enzenesulfonate) crystals (151 × 10–30 esu).[27,38–42] As shown 
in Figure S1, Supporting Information, the absorption max
imum wavelength λmax of OHPTFS in methanol is 392 nm. 
Therefore, OHPTFS crystals satisfy two of the requirements:  

they have large macroscopic optical nonlinearity  
( 111

effβ   ≥100  × 10–30 esu), and are based on yellow chromo
phores, which may allow for good phase matching across a 
large range of infrared wavelengths. In addition, OHPTFS 
crystals exhibit a relatively low absorption in the THz range 
as discussed in Section 2.4.

2.3. High Density with Very Low Void Volume

As mentioned above, the vibrational amplitude in the crystal 
is related to the void volume and the interionic interaction 
strength, which are, to some extent, correlated. Figure 2 shows 
representative strong interionic interactions in OHPTFS crys
tals that were analyzed using Hirshfeld surface analysis.[43–45] 
The flat rodshaped OHP cations possess a planar conforma
tion and are tightly packed with one another through cation–
cation interactions in a cation layer (Figure  2a). In an anion 
layer, the TFS anions form multiple strong hydrogen bonds 
(anion–anion interactions, Figure 2b). With many cation–anion 
interactions (Figure 2c), OHPTFS crystals exhibit 3D network
like interionic interactions between the cation layers and anion 
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Figure 2. Representative strong interionic interactions. Hirshfeld surface analysis with fragment patch of a,c) OHP cation and b) TFS anion in OHP-
4TFS crystals: a) cation−cation interactions in a cation layer (O⋅⋅⋅H, (Ar)C⋅⋅⋅H, and π–π stacking C⋅⋅⋅C (Ar⋅⋅⋅Ar or Ar⋅⋅⋅C = C), b) anion–anion interactions 
in an anion layer (O⋅⋅⋅H and F⋅⋅⋅H), c) cation–anion interactions (O⋅⋅⋅H, F⋅⋅⋅H, and (Ar)C⋅⋅⋅H). d) 3D network-like interionic interactions between cation 
layers and anion layers (O⋅⋅⋅H, F⋅⋅⋅H, and (Ar)C⋅⋅⋅H). The red, green, blue, and yellow dotted lines present X⋅⋅⋅Y close contacts of O⋅⋅⋅H (≤2.80 Å), F⋅⋅⋅H 
(≤2.80 Å), (Ar)C⋅⋅⋅H (≤3.06 Å), and π–π stacking C⋅⋅⋅C (≤3.60 Å), respectively.
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layers (Figure  2d). These strong and multiple interionic inter
actions may reduce the vibrational amplitude and, additionally, 
the void volume in the crystal.

In Table S1, Supporting Information, the density and void 
volume[46] in the unit cell of OHPTFS crystals are listed. For 
comparison, those of various stateoftheart organic nonlinear 
optical crystals are also listed. Among these crystals, OHPTFS 
crystals exhibit the lowest void volume content and the highest 
density. Therefore, the molecular (and phonon) vibrations may 
be strongly suppressed in OHPTFS crystals.

In addition, the macroscopic nonlinear optical susceptibility 
111
(2)χ , which is relevant for all frequency conversion applications, 

is proportional to the chromophore number density N and the 
effective hyperpolarizability tensor element 111

effβ  ( 111
(2)

111
effχ β∝N ).[39] 

Therefore, the high density of chromophores is also beneficial 
for the macroscopic nonlinear optical susceptibility, which is an 
additional advantage of the newly developed OHPTFS crystals.

2.4. Ultra-Broadband Efficient THz Wave Generation

The newly developed OHPTFS crystals exhibit a perfectly 
parallel orientation and highdensity packing of the nonlinear 
optical cations, resulting in a large macroscopic secondorder 
optical nonlinearity. They also show a relatively low wavelength 
of maximal absorption (yellow color) and are therefore expected 
to have good phase matching for nonlinear optical frequency 
conversion from the infrared to the THz frequency range. To 
investigate THz wave generation characteristics of OHPTFS 

crystals, we prepared bulk single crystals and used them as 
THz generation crystals in a tabletop THz system.[29]

Figure  1d shows photographs of an asgrown OHPTFS 
crystal that shows good optical quality and suitable morphology 
for optical experiments. The largest crystal facet of the OHP
TFS crystals used in this work is the (001) plane; therefore, 
the polar axis of OHPTFS is practically parallel to the main 
crystal facet (Figure S3, Supporting Information), which is 
optimal for THz wave generation by optical rectification in a 
simple collinear geometry. The optical pump and probe beams 
in our setup (Figure 3a) are from a 38 fs, 1560  nm compact 
fiberbased laser with a 100  MHz repetition rate and 190  mW 
average output power (Menlo Systems). The OHPTFS crystal 
was aligned normal to the propagation direction with the polar 
axis parallel to the polarization of the pump beam. For coherent 
electrooptic detection, we used the socalled THzinduced 
lensing principle[47] in the same configuration as described pre
viously.[29] Note that we use THzinduced lensing because the 
standard electrooptic sampling (EOS) with inorganic ZnTe 
and GaP is of limited use in our case due to the strongly lim
ited detection efficiency and bandwidth of these crystals at the 
1560  nm wavelength of the probe beam. In addition, organic 
electrooptic crystals cannot be used with the standard EOS 
detection principle owing to their high birefringence. In this 
work, for THzinduced lensing detector we employed organic 
DSTMS (4(4(N,Ndimethylamino)styryl)1methylpyridinium 
2,4,6trimethylbenzenesulfonate[27] from Rainbow Photonics 
AG) crystal, which has wellknown optical and THz material 
parameters for detection.[29,48] All THz experiments in this work 

Adv. Optical Mater. 2021, 9, 2100618

Figure 3. THz wave generation in OHP-TFS: a) THz generation/detection and spectroscopy set-up with the 1560 nm pump and probe beams. b) Time- 
and c) frequency-domain amplitudes of the THz waves generated in a 0.31 mm thick OHP-TFS and in a 1.0 mm thick ZnTe crystal. Note that for ZnTe, 
the amplitude is magnified by a factor of five in (b). d) Absorption coefficient of OHP-TFS in the THz frequency region.
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were performed at room temperature in dry air environment 
with the relative humidity below 5%.

For comparison, we also tested a standard 1.0  mmthick 
(110)oriented ZnTe crystal as the generation crystal while 
keeping all the other experimental conditions identical. As 
shown in Figure 3b, the THz electric field (peaktopeak ampli
tude) generated by a 0.31 mmthick OHPTFS crystal is approxi
mately 40 times stronger than that generated by ZnTe. In addi
tion, the spectrum of OHPTFS is ultrabroadband and extends 
up to about 15 THz, while the bandwidth in ZnTe is limited 
to about 4 THz. This is because of the i) higher nonlinearity, 
ii) more optimal phasematching at the 1560  nm pump wave
length, and iii) lower phononmode absorption of OHPTFS 
compared to ZnTe in the THz frequency range.

The spectrum of the generated THz field by OHPTFS is 
relatively flat across the very broadband range of 1.5–12 THz. 
It is particularly interesting that the THz generation efficiency 
of the OHPTFS generator in the highfrequency THz range 
(≈9 THz) is not much lower than that in the lowerfrequency 
range (≈3 THz). Note that the dimples in the obtained spectra 
(Figure 3c) originate from the molecular vibrations of both the 
THz generation and detection crystals (OHPTFS and DSTMS, 
respectively).

Consequently, OHPTFS crystals have shown to simultane
ously achieve a high efficiency (40 times higher generated THz 
field than ZnTe at 1560  nm) and ultrahigh bandwidth (up to 
about 15 THz) in THz wave generation. In many organic and 
inorganic nonlinear optical and semiconducting THz genera
tors based on femtosecond pump lasers, although strong THz 
electric field can be achieved, the THz generation efficiency in 
the highfrequency THz range is considerably lower than that 
in lowfrequency THz range.[13,14,39,49–51] For semiconductor 
antennabased generators, which can be also used in combi
nation with compact femtosecond sources at 1560  nm, the 
bandwidth is also typically limited to few THz only. Recently, 
metallic spintronic THz generators have also been shown to 
exhibit excellent THz generation performance; for example, 
both a strong THz electric field of 300 kV cm–1 and gapless 
ultrabroadband range (covering to 20–30 THz) have been dem
onstrated.[52–54] Note that currently, the opticaltoTHz conver
sion efficiency of metallic spintronic THz generators at 800 nm 
is comparable to millimeterthick ZnTe crystals.[54]

The ultrabroadband spectrum of the OHPTFS gener
ator is related to absorption characteristics in the THz range. 
Figure 3d shows the absorption coefficient of OHPTFS crystal 
measured in the same setup using another DSTMS crystal as 
the generator. The absorption coefficient in the THz range of 
OHPTFS crystals is very favorable and the peaks are lower 
than in many other benchmark organic ionic and nonionic 
crystals. In the whole THz frequency range measured, OHP
TFS crystals exhibit much lower absorption peaks than ionic 
DAST and DSTMS crystals.[11,29] In particular, compared to 
other ionic benchmark DSTMS crystals, the absorption of 
OHPTFS is considerably reduced in the higherfrequency 
THz range above 7 THz.[29,48] This is very important because 
compared to lower THz frequency ranges, satisfying the phase
matching condition in this frequency range is a much larger 
challenge due to the phase mismatch being, in general, propor
tional to the frequency of the wave generated by difference fre

quency generation or optical rectification.[15] Also the nonionic 
benchmark OH1 crystals show several strong absorption peaks 
with very large absorption coefficient of over 300 cm–1.[55–57] The 
relative flatness and high amplitude of the generated THz spec
trum, as shown in Figure 3b and 3c, is very promising for accu
rate THz spectroscopy, as demonstrated below.

2.5. Ultra-Broadband THz Spectroscopy

To demonstrate the operation of the allorganic THz time
domain spectrometer with the newly developed OHPTFS 
crystal as a THz generator, we performed a highaccuracy 
measurement of the refractive index and absorption of a 
model sample in the ultrabroadband range of 1.5–12.5 THz. 
We chose an OH1 (2(3(4hydroxystyryl)5,5dimethylcyclohex
2enylidene)malononitrile) nonlinear optical crystal as the 
sample. This material has many phonon modes within the fre
quency range.[55–57] The measured characteristics of the OH1 
crystal along the polar axis in the THz frequency region are 
compared to the previous values measured by timedomain 
spectroscopy[56,57] and frequencydomain spectroscopy.[55]

The analysis of the refractive index and the absorption is 
based on comparing the reference signal (generated by OHP
TFS and detected with DSTSM) without the OH1 sample and 
the signal with the OH1 sample (see Figure 4a) using the same 
experimental setup (Figure  3a). For the analysis, we adopted 
the approximation of neglecting multiple reflections of the 
THz wave in the sample. Considering the amplitude difference 
(Figure  4b) and the phase difference ∆ϕ between both meas
urements, we evaluated the refractive index (Figure 4c) and the 
absorption coefficient (Figure 4d) of OH1 following the standard 
analysis.[58] The thickness of the OH1 sample, 0.145  mm, was 
determined by comparing the phase difference ∆ϕ to literature 
values.[56,57] Should there be a systematic error in the thickness 
in the previous reports, the value of the refractive index shown 
in Figure 4c would be vertically shifted, but the features would 
remain identical.

Compared to previous measurements, we observed some 
additional details, such as the double absorption peak at around 
8 THz (see Figure 4d). These features agree with the theoretical 
calculations of the absorption modes in OH1 and the measure
ments based on the frequencydomain spectroscopy.[55] This 
result indicates that highly accurate and sensitive broadband 
timedomain spectroscopy is possible with the newly devel
oped OHPTFS crystal as the THz generator in a tabletop THz 
system. We also note here that we have not noticed any stability 
issues with OHPTFS crystals (any noticeable change of the 
optical appearance or the degradation of the THz generation 
performance) during the experiments reported in this work.

3. Conclusions

In summary, the newly developed, highefficiency OHP
TFS nonlinear optical crystals, having high density, low void 
volume, and yellow color, exhibit efficient ultrabroadband 
THz wave generation at up to ≈15 THz, which overcomes the 
bandwidth limitation of widely used inorganicbased THz 
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generators. Additionally, the OHPTFS crystals generated rela
tively very high THz electric field amplitudes that are about 40 
times larger than the 1.0 mmthick ZnTe inorganic benchmark 
crystals. The optical properties (refractive index and absorption 
coefficient) of the model OH1 crystal in the 1.5–12.5 THz range 
were successfully determined with high accuracy using a com
pact tabletop THz timedomain spectrometer with OHPTFS 
as the THz generation crystal. Therefore, developing highden
sity organic crystals with large nonlinearity is very attractive for 
ultrabroadband THz photonics.

4. Experimental Section
The details of the synthesis, UV–vis absorption characteristics, X-ray 
crystal structure analysis, crystal structures, and quantum chemical 
calculations are described in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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