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The optical-induced dielectric tunability properties of DAST crystal in THz range were experimentally demonstrated.
The DAST crystal was grown by the spontaneous nucleation method (SNM) and characterized by infrared spectrum. With
the optimum wavelength of the exciting optical field, the transmission spectra of the DAST crystal excited by 532 nm
laser under different power were measured by terahertz time-domain spectroscopy (THz-TDS) at room temperature. The
transmitted THz intensity reduction of 26 % was obtained at 0.68 THz when the optical field was up to 80 mW. Meanwhile,
the variation of refractive index showed an approximate quadratic behavior with the exciting optical field, which was related
to the internal space charge field of photorefractive phenomenon in the DAST crystal caused by the photogenerated carrier.
A significant enhancement of 13.7 % for THz absorption coefficient occurred at 0.68 THz due to the photogenerated carrier

absorption effect in the DAST crystal.
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1. Introduction

Organic nonlinear optical (NLO) materials have attracted
significant attention due to their potential for various appli-
cations, such as electro-optic modulation,!!! nonlinear fre-
quency conversion, >3 optical data storage,[*! and optical
telecommunication.®! Especially in the field of THz technol-
ogy, the organic NLO materials with excellent nonlinear op-
tical and electro-optical (EO) properties have been consid-
ered to be the ideal media for efficient generation and sen-
sitive detection of THz wave. Among the general materi-
als, organic ionic salt 4-N, N-dimethylamino-4’-N’-methyl-
stilbazolium tosylate (DAST) has drawn great interest due to
its excellent properties, including large second-order nonlinear
coefficient (dj; = 1010£110 pm/V, A = 1318 nm),!”! low di-
electric constant (¢ = 5.2),!8! large electro-optical coefficient
(r11 = 9249 pm/V at A = 720 nm),"! and high laser dam-
age threshold (2.5 GW/cm? at A = 1550 nm).!"%! Tt has been
widely used in THz generation by optical rectification (OR)!!!]
and difference frequency generation (DFG)!'?! as well as the
THz detection by frequency up-conversion. ['3]

Organic DAST crystal shows a non-centrosymmetric
macroscopic crystal packing, which consists of a stilbazolium
cation with positive charge and a tosylate anion with neg-
ative charge, connected by the strong Coulomb force.!!*13]
It belongs to the monoclinic crystal (space group Cc, point

DOI: 10.1088/1674-1056/ab4e81

group m, z = 4) with the lattice parameters of a = 10.365 A,
b=11322 A, c=17.893 A, and B = 92.2°.!%! The D-7—
A is a typical chromophore structure in DAST crystal, which
is composed of a dimethylamino group (D), a pyridine group
(A), and a 7-conjugated bridge of C=C bond.!'”!8) When a
DAST crystal with the bandgap of 2.33-3.3 eV is excited by
an optical field, the efficient charge transfer between donor
and acceptor through the m-conjugated bridge could be ben-
eficial to the generation of photogenerated carrier.!'”! Thus,
the dielectric properties of the DAST crystal may be changed.
However, to date there has been no detailed study on the di-
electric properties of DAST crystal in THz range under optical
irradiation.

In this paper, the optical-induced dielectric tunability
properties of DAST crystal in THz range were experimentally
investigated. The DAST crystal was grown by the sponta-
neous nucleation method (SNM) and characterized by infrared
spectrum. The optimum wavelength of the exciting optical
field was chosen based on the stimulation of photocurrent.
The transmission spectra of the DAST crystal under different
power of 532 nm laser irradiation were measured at room tem-
perature by terahertz time-domain spectroscopy (THz-TDS).
The transmitted THz intensity reduction of 26% at 0.68 THz
was obtained when the optical field was up to 80 mW, which
could originate from the optically induced free carrier absorp-
tion effect in the DAST crystal. Moreover, the photorefractive
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phenomenon and the absorption enhancement were observed
in the DAST crystal under the irradiation of 532 nm laser field.
It is expected that the DAST crystal with dielectric tunability
properties can be further used to control the Fano resonances
and applied in the fields of THz modulation, biosensing, and

detection.[20-21]

2. Methods
2.1. Sample preparation and characterization

The growth material of the DAST crystal was synthesized
from the organic compounds of 4-picoline, methyl toluenesul-
fonate and 4-N, N-dimethylamino-benzal-dehyde. The piperi-
dine was chosen as the catalyst to promote the chemical syn-
thesis, and methanol (99.9%) was used as the reaction solvent.
Because the purity of the DAST material was directly deter-
mined by the quality of crystal growth, the crystalline powders
of DAST were purified by a filter and recrystallization two
times from methanol. The spontaneous nucleation method
was adopted to prepare the DAST crystal by slow cooling in
the range of 43-37 °C. The DAST growth solution was pre-
pared in 600 ml methanol with 21 g purified DAST crystalline
powder and was kept in the heating equipment for 3 h at 55 °C
to ensure complete dissolution. The prepared DAST growth
solution was transferred to a crystallizing bottle which was
placed in a water bath, as shown in Fig. 1(a). The tempera-
ture adjustment accuracy in the water bath was kept at 0.01—
0.03 °C. After keeping the water bath temperature at 50 °C
for 24 h to stabilize the growth solution, the DAST crystal
was grown under the cooling rate of 0.35 °C/day. Figure 1(b)
shows a DAST crystal with a size of 5 mmx6 mmx0.35 mm
after 12 days. The structure of the DAST crystal was char-
acterized by an x-ray single crystal diffractometer (D/MAX-
2500) with a scanning range of 5°—40° and a scanning speed

thermometer
(a)
C r— l
growth ]
solution AST
ysta]‘
water bath

Fig. 1. (a) Growth device of spontaneous nucleation method. (b) Pho-
tograph of a DAST crystal with a size of 5 mmx6 mmx0.35 mm.

of 1 °/min. The infrared spectrum of the DAST crystal was
measured by an infrared spectrometer (Nicotron 6700) in the
wavelength range of 400-4000 cm~!.

2.2. Experimental setup

The dielec-
tric properties of the DAST crystal under different power

Figure 2 shows the experimental setup.

of 532 nm laser irradiation were demonstrated using THz-
TDS with signal-to-noise ratio of 60 dB. The THz-TDS was
driven by two erbium-doped fiber lasers (50 MHz, 50 fs,
1.55 um). One of the fs fiber lasers was used to pump the
photo-conductive antenna (PCA) emitter for the generation of
the THz wave, and the other was used for the coherent detec-
tion of the THz wave. The time delay was dominated by elec-
trical phase control. The measured frequency spectral resolu-
tion of the THz-TDS system was 3.8 GHz, and the diameter of
the THz spot was 4 mm. In our experiment, the DAST crystal
was vertically placed on the sample stage, and the transmitted
time-domain THz pulses were collected. A 532 nm CW laser
with the maximum power of 100 mW was employed to pro-
vide the exciting optical field. The 532 nm laser was expanded
by a pair of lenses (f = 150 mm) and obliquely irradiated on
the (001) surface of the DAST crystal at an angle of 45°, over-
lapping the spot of the THz wave. Every measurement un-
der different irradiation power was repeatedly tested 3 times
with the setting of 1024 times scan for each measurement. All
spectra were conducted by averaging the values from several
measurements. All the experiments were performed at room
temperature with dry air purge (almost 0% relative humidity).

fs laser 1 mmmme==- electrical phasel _______ fs laser 2
control
DAST
T;;Rerfs generation of crystal detection of l}girfs
THz wave JL Jl\_ THz wave
PCA, PCA
THz puls Hz pulse
CW laser

Fig. 2. Schematic diagram of the experimental setup.

3. Results and discussion

Figure 3 shows the x-ray diffraction spectrum of the self-
growth DAST crystal. It was clearly demonstrated that the
main diffraction peaks were between 9° and 30°. The three
characteristics peaks centered at 9.90°, 19.86°, and 30.00°
were assigned to the (002), (004), and (006) planes of the
DAST crystal, with the full widths at half-maximum (FWHM)
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of 12 arcsec, 24 arcsec, and 16 arcsec, respectively, which was

consistent with the results reported by Teng.[*!
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Fig. 3. X-ray diffraction spectrum of the self-growth DAST crystal.

The infrared spectrum of the self-growth DAST crys-
tal is displayed in Fig. 4. The numerous characteristic in-
frared absorption peaks of the DAST crystal were assigned as

follows: [23:24

| the deformation vibration absorption of benzene
ring C-H was at 3032 cm~!; the olefin C=C stretching vibra-
tion absorption was at 1646 cm™!; the stretching vibration ab-
sorption of pyridine ring C-N and benzene ring C-N were at
1531 cm~! and 1346 cm™!, respectively; the anti-symmetric
stretching vibration absorption of SOz was at 1161 cm™!;
the vibration absorption of C—H out-palne in benzene ring
was at 999 cm™!; the vibration absorptions of aromatic ring

with 1, 4 substitutions were at 816 cm™! and 891 cm™!

, re-
spectively; the bending vibration absorption of benzene ring
was at 675 cm™'; and the twisting vibration absorption of
methyl groups C—H was at 567 cm~!. The aldehyde band of
2720 cm~! was not observed in the infrared spectrum, which
showed that there was no nonreacted materials in the DAST
crystal. The locations of the main absorption peaks in the in-
frared spectrum were corresponding to the vibration modes of
the DAST chromophore groups, which indicated that the im-

purities were few in the DAST crystal.
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Fig. 4. Infrared spectrum of the self-growth DAST crystal.

To determine the optimum wavelength of the exciting op-
tical field, the absorption spectrum of the DAST crystal in the
wavelength range of 300-2000 nm was measured by a grat-
ing spectrometer (Omni-A-3007), as shown in Fig. 5. The ab-
sorption of the DAST crystal reached nearly 90% in the band

from 400 nm to 600 nm, which meant that the effective ex-
citing wavelength of carrier was located in this range. Mean-
while, in order to estimate the density of excited carrier in the
DAST crystal, the optoelectronic properties of the DAST crys-
tal were measured under different wavelengths, which were
emitted from 532 nm, 808 nm, and 1177 nm CW lasers, as
shown in the inset of Fig. 5. When there was no irradiation,
the dark current was relatively small and increased with the
applied voltage. When the DAST crystal was irradiated by the
CW laser, the trend of conduction current excited by 808 nm
and 1177 nm laser had a slight change compared to that of
dark current, and the maximum optoelectronic response was
observed under 532 nm laser. Under the same pump power
of 20 mW, the photocurrent in the DAST crystal excited by
532 nm laser was nearly 2 times of that excited by 808 nm
and 1177 nm laser, which indicated that more photogenerated
carrier was excited in the DAST crystal by 532 nm laser. It
was consistent with the results of absorption spectrum of the
DAST crystal. Therefore, the wavelength of the exciting opti-
cal field for the DAST crystal was chosen to be 532 nm due to
the higher excitation efficiency of free carrier.

T T T T T T T T T T T T T T T
1.0F 100 T T T T .
— dark current
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£ 0.8H £ gol — 1177 nm 4
. 5 40
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Fig. 5. The absorption spectrum of DAST crystal in the wavelength
range of 300-2000 nm. Inset shows the photocurrent in DAST crystal
excited by 532 nm, 808 nm, and 1177 nm CW lasers.

With the 532 nm laser excitation, the THz transmission
spectra of the DAST crystal were investigated by THz-TDS.
Figure 6(a) shows the THz time domain signal under differ-
ent pump power. The detailed results in the black square are
shown in the inset. It can be seen that the intensity of the trans-
mitted THz wave decreased monotonically when the pump
power increased from O mW to 80 mW. The phase of the trans-
mitted THz wave shifted forward about 0.04 ps, which was re-
lated to the dielectric parameters change of the DAST crystal
caused by the optical excitation. Based on the Fourier trans-
form of the THz temporal signal, the THz frequency domain
spectrum was obtained, as depicted in Fig. 6(b). At 0.5 THz,
the intensity of the transmitted THz wave was lower due to
the lattice vibration absorption of the DAST crystal. With
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the increase of the frequency, the intensity of the transmitted
THz wave showed a trend of increasing first and then decreas-
ing, which was mainly originated from the strong absorption
caused by the transverse optical phonon vibration of the DAST
crystal anion-cation pairs at 1.0 THz.!>! In addition, when the
power of 532 nm laser increased, the intensity of the trans-
mitted THz wave dropped down. The maximum variation of
the transmitted THz intensity induced by the optical field was
found at 0.68 THz. It can be inferred that the DAST crys-
tal can modulate the amplitude of THz wave by the optical
induced method. As the DAST crystal has the same D—7—
A structure with solar organic thin film materials, the exciton
theory can be used to explain the mechanism of the change of
the transmitted THz intensity in the DAST crystal under opti-

(a) 0.2t —air
0.1}
0
Z —0.1}
=
£ 0.2t
K | 0.034=
e [—20 mW —*0.03218
£ 0.02[—40 mW 0.0301%
H : 60 mW 0.0281 2
F—80 mW 16.?
0
—0.02}
10 14 18 22 26 30

Time/ps

cal excitation.!?®?71 When the photons of 532 nm laser were
absorbed by impurities and detects in the DAST crystal, the
strongly bound electron—holes pairs (neutral singlet excitons)
instantly formed in the donor. The singlet excitons could dif-
fuse to the interface of donor—acceptor and then formed charge
transfer excitons because of the segregation of donor and ac-
ceptor in the DAST crystal. When the Coulomb binding en-
ergy was overcome by the molecular vibrational energy, the
charge transfer excitons could be dissociated and then formed
a conduction current, as measured in the inset of Fig. 5, which
was also known as photogenerated carrier. The THz absorp-
tion by the photogenerated carrier in the DAST crystal resulted

in the decrease of the transmitted THz intensity.

(b) 8.0
7.5}
7.0}
6.5¢
6.0
5.5¢

r
—air

THz intensity/arb. units

0.9

07 08
Frequency/THz

0.6
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Fig. 6. (a) THz time-domain transmission spectrum through DAST crystal excited by 532 nm laser at different power. (b) Frequency-domain

spectrum based on Fourier transform.
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Fig. 7. The relationship between the variation rate of transmitted THz
intensity and the power of optical field at 0.68 THz.

To evaluate the variation of the transmitted THz inten-
sity with optical excitation, the variation rate of the trans-
mitted THz intensity is defined by the formula AT /T =
|T(I)—T(0)] /T (0) x 100%, where T(I) and T(0) are the
transmitted THz intensity with and without 532 nm laser field,
respectively. Figure 7 shows the relationship between the vari-
ation rate of the transmitted THz intensity and the power of
the optical field at 0.68 THz. It can be seen that the variation
rate of the transmitted THz intensity increased linearly with

the optical field power. The transmitted THz intensity reduc-
tion of 26% at 0.68 THz was obtained when the 532 nm laser
power was up to 80 mW. Moreover, there was little transmit-
ted 532 nm laser behind the DAST crystal during the process.
It was deduced that the penetration depth of 532 nm laser in
the DAST crystal was less than or close to the thickness of the
sample 0.35 mm. Considering there was no saturation effect
observed in our experiment, it was reasonable to infer that the
transmitted THz intensity could be further reduced by increas-
ing the optical power.

In order to investigate the dielectric properties of the
DAST crystal under different power of 532 nm laser irradi-
ation, the complex refractive index N¢(®) can be calculated
based on THz reference signal Eg,m(®) and transmitted THz

signal Epef(®) as follows: 28!
i Egum (@)
10 __
Ae'? = 7Eref((D) , @))]
_14 %<
n(w)_H_a)d’ 2
_ o f(n(@+1)
N < 4n () A) ’ ®
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Ny (@) = n(w) +ik(w), )

where the amplitude transmittance A = VT (T is the transmit-
ted THz intensity shown in Fig. 6(b)), ¢ is the phase shift of
the transmitted THz wave, d is the sample thickness, c is the
light speed, ® is the frequency, and n(®) and k(w) are the
refractive index and extinction coefficient, respectively. We
calculated the refractive index and extinction coefficient by
the above formulas, as shown in Figs. 8(a) and 8(b). It was
showed that the refractive index of the DAST crystal decreased
as the power of 532 nm laser increased, whereas the extinc-
tion coefficient showed an inverse tendency. When the power
of 532 nm laser increased from 0 mW to 40 mW, the slight
change was observed in the refractive index and extinction co-
efficient of the DAST crystal. With the power of 532 nm laser
continually increasing, the decrease of refractive index and the
increase of extinction coefficient were obviously observed.

2.70 T T T T

2.65 (a) 1
2.60
2.55
2.50

2.45

2.40

2.35 L L L
0.5 0.6 0.7 0.8 0.9 1.0

Frequency/THz
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2.2 -2 0mW
20F €20 mW
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Frequency/THz

Fig. 8. (a) The refractive index and (b) extinction coefficient of DAST
crystal excited by 532 nm laser at different power.

Figure 9 shows the variation of refractive index An with
the 532 nm laser power at 0.50 THz, 0.68 THz, and 0.85 THz.
The variation of the refractive index of the DAST crystal
caused by optical excitation was proportional to the square of
the pump power. The applied optical field could make a con-
tribution to the establishment of an internal electric field in
the DAST crystal. The orientation of stilbazolium molecules
(cation) and tosylate molecules (anion) in the DAST crystal
would be rearranged in the internal electric field, which could

result in the change of the third-order nonlinear polarizabil-
ity in the DAST crystal. Thus, photorefractive phenomenon
occurred because the average polarizability per molecule has
been changed caused by the rearrangement of the molecular
orientation.

0.07f
0.06 -
0.05
0.04
0.03
0.02
0.01f

0 20 30 40 50 60 70 80

Power of optical field/mW

Abs (An)

Fig. 9. The variation of refractive index An under different 532 nm laser
power at 0.50 THz, 0.68 THz, and 0.85 THz.
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Fig. 10. (a) The absorption coefficient of DAST crystal under differ-
ent 532 nm laser power. (b) The variation rate of absorption coefficient
of DAST crystal at 0.50 THz, 0.68 THz, and 0.85 THz under different
532 nm laser power.

Furthermore, we calculated the absorption coefficient of
the DAST crystal with the equation a (®) = 20k (®) /c.[*’]
Figure 10(a) shows the absorption coefficient of the DAST
crystal under different 532 nm laser power. As can be seen
from Fig. 10(a), the absorption coefficient of the DAST crys-
tal increased with the frequency of the THz wave. Especially,
there was an increase in the absorption coefficient of the DAST
crystal under external laser irradiation. The higher power of
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the 532 nm laser irradiation, the larger increase of the absorp-
tion coefficient. The variation rate of the absorption coefficient
of the DAST crystal at 0.50 THz, 0.68 THz, and 0.85 THz un-
der different 532 nm laser power is depicted in Fig. 10(b). The
linear behaviors were observed in the absorption coefficient
versus the power of 532 nm laser irradiation, fitting well with
the model of free carrier absorption induced by optical field. A
significant enhancement of 13.7% in the THz absorption coef-
ficient occurred at 0.68 THz due to the optically induced free
carrier absorption effect in the DAST crystal.

4. Conclusion

In summary, optical-induced dielectric tunability proper-
ties of DAST crystal in THz range were experimentally inves-
tigated and theoretically analyzed. The experimental results
showed that the transmitted THz intensity decreased by 26% at
0.68 THz when the power of the optical field was up to 80 mW.
Meanwhile, the variation of refractive index showed an ap-
proximate quadratic behavior with the exciting optical field,
which was related to the internal space charge field of pho-
torefractive phenomenon in the DAST crystal caused by the
photogenerated carrier. A significant enhancement of 13.7%
for the THz absorption coefficient occurred at 0.68 THz due
to the optically induced free carrier absorption effect in the
DAST crystal. It is expected that DAST crystal with dielectric
tunability properties could be further applied in the fields of
THz modulation, biosensing, and detection.
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