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Abstract
The 1, 3, 5-triphenylbenzene (TPB) single crystal has been grown using slow cooling seed rotation technique. Optical 
transmittance of the grown crystal was obtained from UV–Visible analysis. The grown TPB crystal has good transmission 
in the entire visible region with a lower cutoff wavelength of 330 nm. The solubility of TPB material was determined using 
toluene as a solvent with different temperatures. The full width at half maximum is 18 arcsec, which indicates that the crystal 
is of good quality. The TPB crystal was excited (λexc) at 307 nm, and the corresponding emission (λem) has been observed at 
352 nm. The laser-induced damage threshold (LDT) value of grown crystal is 1.25 GW/cm2. Third-order nonlinear optical 
susceptibility χ(3) is determined using the Z-scan technique as 3.07422 × 10–09 esu. The TPB crystal proves its suitability 
for scintillation applications and optoelectronic device fabrications.
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1  Introduction

The organic materials are having many advantages such as 
low cost, high optical nonlinearity, low dielectric constant, 
and fast response time (detection application) compared to 
the inorganic materials [1–4]. Nonlinear optical materials 
(NLO) are considered crucial due to their role in the devel-
opment of technology and its impact on various industries 
and new potential applications [5, 6]. Organic crystals play 
a crucial role in different potential applications such as fre-
quency generation, optical fiber communication, and scintil-
lation application. The rapid growth of crystals in a shorter 
period while maintaining the crystal quality and large size 
has been a topic of interest for some years now [7–11]. Some 
of the organic scintillators such as p-terphenyl, anthracene, 
naphthalene, and stilbene are widely used for fast neutron 

detection in gamma radiation background due to their more 
hydrogen content which allows for detecting the neutron 
when proton recoils [12]. The 1, 3, 5-triphenylbenzene 
(TPB) single crystal is one of the organic scintillator mate-
rials for high-energy neutron detection applications, which 
gives good pulse shape discrimination, and also TPB is an 
attractive material compared to stilbene for detection appli-
cation [13].

There are numerous methods to grow organic crystals, 
mostly solution, and melt growth methods. In the solution 
growth method, some organic materials face solvent inclu-
sion problem and it leads to decrease the optical quality 
of the crystals. The growth of TPB crystals using solution 
was reported in several papers [14, 15]. Nonlinear optical 
property has been investigated in many organic materials 
[4, 5, 9, 11]. In this paper, we are interested to improve the 
quality and size of the crystal by using a slow cooling seed 
rotation method. This technique is suitable to grow defect-
free and large-size crystal from the solution [16]. Good-
quality single crystals are essential to designing innova-
tive devices such as semiconductor devices and photonic 
devices which are used for carrying the information, tel-
ecommunications, and laser applications [5, 17]. The laser 
damage threshold measurements were taken for evaluating 
the quality of the crystal for laser applications. The device 
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fabrication of high-tech laser devices mainly depends on 
the high-efficient nonlinear optical (NLO) single crystals 
that determine the excellent linear and nonlinear character-
istics of the materials. The nonlinear absorption coefficient 
(β) and the refractive index are essential parameters in 
determining the suitability for device applications. Fur-
thermore, the present paper discusses the growth, struc-
tural, optical, third-order nonlinear optical and various 
other properties of the grown TPB crystals.

2 � Crystal growth: slow cooling method

TPB crystals were grown from aqueous solution by slow 
cooling seed rotation method. This apparatus consists of 
a seed rotation controller coupled with a stepper motor, 
which is controlled using a microcontroller-based drive. 
Initially, the TPB powder was dissolved using a toluene 
solvent. The solution was continuously stirred for 6 h to 
maintain homogeneity for crystal growth. A good-quality 
seed crystal of size 3 × 3 × 5 mm3 was fixed at the center 
of the crystallizer. The applied rotation speed was 30 rpm. 
The crystal growth was carried out in a 2000-mL standard 
crystallizer. In total, 1600 mL saturation solution of TPB 
was prepared and the saturation temperature was 40 ºC. 
The solution was filtered by the Whatman filter paper of 
pore size 11 µm. After filtration, the temperature of the 
solution was increased to 50 ºC for about 24 h. Then the 
temperature was reduced to the saturation temperature 
(40 ºC) in steps of 1 ºC per hour. The saturation solution 
of TPB was kept inside a constant temperature bath. From 
the saturation point (40 ºC), the temperature was decreased 
at the rate of 0.10 ºC per day. After a period of 30-day 
growth, good-quality crystals were harvested. The grown 
TPB crystal is shown in Fig. 1.

3 � Results and discussion

3.1 � Solubility

To grow a large-size and good-quality crystal, solubility 
plays an important role in low-temperature slow evapo-
ration solution growth method. The size of the crystal 
depends on the amount of the material available in the 
solution for the growth, which decides the solubility of 
the material in that appropriate solvent and temperature of 
the solution. The solubility of TPB single crystal has been 
determined using toluene as a solvent in the temperature 
range 25–45 ºC with a 5 ºC interval. The solubility experi-
ment was carried out in a constant temperature water bath 
with a cryostat facility. The amount of compound required 
for making the saturated solution at different temperatures 
and solubility of TPB is estimated gravimetrically, and the 

Fig. 1   a Growing crystal inside 
the constant temperature water 
bath. b Grown TPB crystal
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Fig. 2   Solubility of TPB using toluene as solvent
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obtained solubility curve is shown in Fig. 2. It shows that 
the concentration of the solution is increasing with the 
increase in temperature.

3.2 � Single‑crystal and powder XRD analysis

The single-crystal XRD data of grown TPB crystals were 
recorded using Bruker axes SMART APEXII single-crystal 
XRD instrument with monochromatic MoKα radiation at 
room temperature to determine cell parameters. The XRD 
data show that TPB crystal belongs to the orthorhom-
bic structure and the lattice parameters are a = 7.43 Å, 
b = 19.72 Å, c = 11.12 Å, α = β = γ = 90o and volume is 
1685 Å3 [14]. The powder form of the TPB single crystal 
was taken for the powder X-ray diffraction analysis using the 
Empyrean PANalytical diffractometer using nickel-filtered 
Cu–Kα radiation (0.15418 nm) as a source and operated at 
40 kV. The sample was scanned for the range (2θ) between 
5° and 60° at room temperature. The powder X-ray diffrac-
tion pattern of the grown crystal with the 2θ values indexed 
using the ‘TWOTHETA’ software is shown in Fig. 3. Pow-
der XRD results show the good crystalline nature of the 
grown crystal.

3.3 � FTIR analysis

The different functional groups present in the grown crystal 
were identified by FTIR spectral analysis. FTIR spectrum 
was recorded using Bruker AXS FTIR spectrometer in the 
range from 4000 to 500 cm−1 with ATR mode. The FTIR 
spectrum is shown in Fig. 4. The aromatic rings in a struc-
ture are typically determined from the C–H and C = C–C 
ring-related vibrations. The bands are defined by the number 
and positions of the C–H and C = C–C bonds around the ring 

in the title compound. The strongest absorptions for aro-
matic compounds that occur in the range between 900 and 
650 cm−1 are due to the C-H vibrations out of the plane of 
the aromatic ring [18]. The absorption band at 3029 cm−1 is 
corresponding to the C–H stretching vibration. The C = C–C 
aromatic ring stretching vibrations occur at 1594, 1573, 
and 1495 cm−1. The aromatic C–H in-plane bending vibra-
tions appeared at 1160, 1075, and 1026 cm−1, and aromatic 
C–H out-of-plane bending vibrations occurred at 909 and 
871 cm−1 [19]. The C–C and C = C stretching vibrations 
of benzene rings generally occur in the range from 1650 to 
1400 cm−1 [20]. The C–C stretching vibrations have been 
observed at 1592, 1573, 1495, and 1409 cm−1, and C–C 
bending modes are observed at 609 and 572 cm−1. Gener-
ally, 1, 3, 5-trisubstituted benzenes have strong absorption 
at 865–810 and lesser intensity bands at 730–660 cm−1. The 
absorption band at 748 and 688 cm−1 was assigned mono-
substitution of phenyl groups [21].

3.4 � UV–Vis analysis

The UV–Vis analysis was used to determine the transmit-
tance spectrum. The lower cutoff wavelength and good 
transmittance in the entire visible regions are very impor-
tant parameters for materials to be used for laser and optical 
device applications [8, 22]. The crystalline defects affect 
the optical properties, for instance, light absorption and 
refractive index. The optical transmittance spectrum of the 
grown TPB crystal with 2 mm thickness has been recorded 
using PerkinElmer UV–Vis–NIR Spectrophotometer with 
the range between 200 and 1100 nm. The recorded transmit-
tance spectrum is shown in Fig. 5. The cutoff wavelength 
(λcutoff) of the grown crystal is found to be 330 nm. The spec-
trum indicates that the present TPB crystal has good optical 
transmission compared to the earlier reports [15, 23], which 
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Fig. 3   Powder XRD of TPB crystal
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Fig. 4   FTIR spectrum of TPB crystal
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is an appropriate asset for NLO activity and which makes it 
suitable to be used in the optical application for SHG laser 
radiation applications [24].

3.5 � Photoluminescence and lifetime analysis

The photoluminescence (PL) emission of the material may 
find various potential applications such as detection appli-
cations. Photoluminescence analysis is a noncontact, non-
destructive technique of probing the electronic structure of 
materials. In principle, when the light (photons) is directed 
onto a sample, it absorbs photons and then emits them at 
different wavelengths, and the resultant light can be dis-
persed. Generally, the aromatic molecules contain multiple 
conjugated bonds which lead to a high degree of resonance 
stability. The emission spectrum of the grown crystal was 
examined through photoluminescence (PL) spectral analysis. 
The PL analysis of TPB single crystal was carried out using 
the Shimadzu Spectrofluoro photometer RF-5031 PC series 
with a slit width of 3 nm at room temperature.

The emission spectrum was measured in the range 
between 300 and 500 nm and only one violet emission band 
with a peak wavelength at 352 nm was observed, which is 
due to π*−π electron transition in the phenyl ring. The emis-
sion spectrum of the TPB crystal is shown in Fig. 6. Such a 
strong peak indicates that grown TPB crystal contains good 
crystallinity and low crystalline defects. An important fea-
ture of the organic scintillator for detector application is to 
exhibit various lifetime at the same emission wavelength 
[13]. The decay time curves are well fitted with the follow-
ing function.

(1)R(t) = B1e
−t

� 1 + B2e
−t

� 2

where B1 (06.85) and B2 (98.35) are amplitudes of prompt 
and delayed emissions, respectively, and τ1 and τ2 are life-
times. The fast scintillation decay time in the organic crys-
tal is generally 2 to 30 ns. The grown TPB crystal exhibits 
12 ns (τ1) and 30 ns (τ2), and it is well matched compared 
to earlier reported values [13, 15]. The decay time of grown 
TPB crystal is shown in Fig. 7. The prompt (τ1) and delayed 
(τ2) lifetimes are corresponded to de-excitation of singlet 
energy-level transition and delayed emission due to colli-
sional interaction pairs of molecules in the lowest excited 
triplet energy state, respectively [25].

3.6 � High‑resolution X‑Ray diffraction analysis

High-resolution X-ray diffraction analysis shows the crystal-
line perfection of the grown crystal. The crystalline perfec-
tion of the grown crystal indicates its suitability for device 
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Fig. 5   Transmittance spectrum of TPB crystal
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fabrication [26]. When increasing the crystalline perfection 
of crystal, it is possible to enhance the various properties 
[10]. A high-resolution diffraction curve (DC) was recorded 
for the crystals grown using the slow cooling method. A 
monochromatic Mo Kα1 beam from the three monochroma-
tor Si crystals at dispersive (+ ,−,−, +) configuration was 
used for analysis. The crystals are aligned in (+ ,−,−, +) con-
figuration. The specimen surface was lapped and polished 
by water before subjecting to the recording. This reveals the 
single peak formation, indicating the crystal under study is 
free from structural grain boundaries. Observation shows 
the symmetry of the DC with respect to the peak position 
denoted by the dotted lines in the figure, and it indicates 
an ideally perfect crystal with good quality. A single sharp 
DC with very low FWHM of the curve is 18 arcsec which 
indicates good perfection of grown TPB crystal from the 
plane wave theory of dynamical X-ray diffraction [27], and 
the spectrum is shown in Fig. 8.

3.7 � Laser damage threshold studies

The laser damage study of the crystals is extremely impor-
tant since it limits their performance in NLO applications 
[28]. Laser damage threshold (LDT) is the ability limit 
of material to withstand intense laser irradiation without 
observable changes in its optical properties. The LDT of an 
optical crystal is an important factor affecting its applica-
tions. The higher LDT value of materials is the most impor-
tant property for the device fabrications. If the materials are 
having a low LDT value, it is not suitable for many appli-
cations. LDT values depend on many factors such as laser 
pulse width, wavelength, spatial profile pulse, quality of the 
crystal surface, type of modes and defects in the sample [29].

Generally, the laser damage threshold (LDT) experiment 
is measured by the two-mode process: (i) single-shot mode 

and (ii) multiple-shot mode. LDT experiment was carried 
out in single-shot mode using a Q-switched Nd: YAG laser 
generating nanosecond pulses at 532 nm (second harmonic 
of the fundamental wavelength at 1064 nm). The cut and 
polished good-quality TPB single crystals were used for 
the LDT measurement, and the crystal thickness is 2 mm. 
The incident energy (milli-Joule) was applied to TPB sin-
gle crystal, and the output of the incident laser beam was 
measured using an attenuator. The focal length of the plano-
convex lens is observed at 10 cm, and it could be attached 
by the translation stage of the sample holder. Initially, 10 mJ 
of energy was applied for the crystal, and no damage was 
observed. When the energy is increased beyond 10 mJ, a spot 
is observed in the crystal. At 50 mJ, a crack was observed on 
the surface of the grown crystal. The laser damage pattern 
of the grown crystal is shown in Fig. 9. The LDT (power 
density) value of the grown crystal was calculated using the 
following expression. 

where E is the input energy (milli-Joule), τ is the pulse width 
(ns), and ωz is the radius of the spot size (mm) in the focused 
beam on the crystal. The laser damage threshold value of 
grown crystal was found to be 1.251 Gw/cm2. The laser 
damage threshold value of TPB material is higher compared 
to several organic and inorganic materials [30–32].

3.8 � Third‑order nonlinear optical analysis (Z‑scan)

The Z-scan measurement is widely used to measure the 
nonlinearity of materials, such as intensity-dependent 
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nonlinear refractive index, absorption coefficient and 
third-order nonlinear optical susceptibility (χ3) [33–37]. 
This measurement is important to find out the crystalline 
perfection. The nonlinear optical properties can be meas-
ured by the Z-scan technique (open aperture (OA) and 
closed aperture (CA) configurations). This measurement, 
532-nm laser wavelength (semiconductor–continuous-
wave laser) and 10 mW power, was used. The optical 
path length is 675 mm. The beam radius at the aperture 
and radius of aperture are 20 mm and 3 mm, respectively. 
Laser power Io is 3.47 kW/cm^2, and the focal length 
of the lens is 103 mm. Generally, the nonlinear optical 
absorption could be classified into two categories, such as 
saturable absorption (SA) and reverse saturable absorp-
tion (RSA). The transmittance of the sample increasing 
with increasing intensity is called saturable absorption, 
and the transmittance decreasing with increasing inten-
sity is called reverse saturable absorption [30]. For open 
aperture (OA) Z-scan mode, a lens collects the entire laser 
beam transmitted through the sample and the open aper-
ture gives information about the nonlinear absorption coef-
ficient [35]. The difference between the normalized peak 
and valley transmission (ΔTp–v) is calculated from the 
equation given below:

where |Δϕ| is on-axis phase shift on the focus, S is the linear 
transmittance of the aperture, and it was estimated by:

The nonlinear refractive index is estimated [38]:

where (K = 2π/λ), I0 is the intensity of the laser beam at the 
focus point at Z = 0 (13.6 MW/m2), Leff is the effective thick-
ness of the sample, and it is based on the following equation:

where L is the thickness of the sample and α is the linear 
absorption coefficient (247.04 cm-1). The peak valley pat-
tern of the normalized transmittance curve is found under 
the closed aperture (CA), and the valley pattern of the nor-
malized transmittance curve is found under the open aper-
ture (OA) configuration (Figs. 10 and 11). The normalized 
open aperture curve for the samples produces the value of 
the nonlinear absorption coefficient. The nonlinear absorp-
tion coefficient (β) is estimated:

(3)ΔTp−v = 0.406(1 − S)0.25|∇�|

(4)S = 1 − exp

(
−2r2

a

�2
a

)

(5)n2 =
Δ�

KI0Leff

(6)Leff =

[
1 − exp (−�L)

]

�

where ΔT is the open aperture curve value at one valley. 
The nonlinear absorption coefficient (β) revealed a positive 
value in the case of two-photon absorption and negative as 
saturable absorption. The real and imaginary parts of the 
third-order nonlinear optical susceptibility χ(3) are evaluated 
using the following expressions [39]:

(7)� =
2
√
2ΔT

I0Leff

(8)Re� (3) =
10−4(�0C

2n2
0
n2)

�

(
cm2W−1

)

(9)Im� (3) =
10−2(�0C

2n2
0
��)

4�2

(
cmW−1

)
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Fig. 10   Closed aperture curve of TPB single crystal
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where  ε0 indicates  the  vacuum permit t iv i ty 
(8.854 × 10–12 F/m), and n0 is the linear refractive index. 
The refractive index of the TPB crystal was calculated from 
the prism coupling technique with a commercial prism cou-
pler Metricon 2010/M (Metricon Corporation, UK) model at 
532 nm in room temperature, and it was found to be 1.5338, 
laser wavelength (λ) of the beam is 532 nm, and C denotes 
the velocity of light in vacuum. The third-order nonlinear 
optical susceptibility of the TPB crystal can be found from 
the following expression:

 
The second-order hyperpolarizability which reveals the 

nonlinear induced polarization per molecule is associated 
with the third-order susceptibility assessed by [40]:

where N* is the density of the TPB molecule, calculated by 
the mentioned equation (N* = ρNA/M). The molar mass of 
the grown TPB compound is M = 306.40 g/mol, and NA is 
Avogadro’s number (6.023 × 1023 mol−1). The density of 
TPB crystal is 1.1990 g/cm3. f is the local field factor accord-
ing to Lorentz approximation given by:

The relationship of the imaginary part (Im) χ(3) to the 
real part (Re) χ(3) is represented by the coupling factor 
(ρ*) of third-order nonlinear susceptibility.

The determined values of nonlinear parameters such as 
imaginary part Im χ(3) and real part Re χ(3) susceptibility 
are 2.9912 × 10–09 and 7.09459 × 10–10, respectively. The 
coupling factor (ρ*) is 0.2371, and third-order nonlinear 
susceptibility χ(3) is 3.07422 × 10–09 esu. The nonlinear 
absorption can be attributed to the reverse saturation 
absorption process, while nonlinear refraction leads to a 
self-defocusing effect in the compound. The present work 
suggests that the TPB crystal possesses higher third-order 
nonlinear optical susceptibility (χ(3)) value compared 
with some of the NLO crystals and it is given in Table.1 
[31, 41–43]. Hence, the above observations reveal that 
the grown TPB crystal can be used for nonlinear optical 
applications and optoelectronic device fabrications.

(10)� (3) =

√(
Re� (3)

)2
+
(
Im� (3)

)2

(11)�h =
� (3)

f 4N∗

(12)f =

(
n2
0
+ 2

)

3

(13)�∗ =
Im� (3)

Re� (3)

4 � Conclusion

Good-quality 1, 3, 5-triphenylbenzene (TPB) single crystal 
has been grown from solution by slow-cooling seed rotation 
technique. The UV–Visible analysis shows the grown crystal 
with good transparency in the entire visible region, which is 
an important aspect of scintillation and optical applications. 
The FWHM of grown TPB single crystal was 18 arcsec, 
and it indicated that the TPB crystal has good crystalline 
perfection. The luminescence analysis found the strong 
violet emission wavelength at 352 nm, which is due to the 
π*−π electron charge transition of the TPB crystal. The laser 
damage threshold value of the TPB crystal is 1.251 GW/
cm2. The Z-scan measurement revealed that the grown TPB 
crystal has a positive nonlinear absorption coefficient and 
third-order nonlinear optical susceptibility. Hence from the 
observations, it is concluded that the grown TPB crystal can 
be used for scintillation and optical applications.
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