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Generation of ultra-short THz pulses in new optical nonlinear
materials based on organic polymers

S.L. Mikerin, A.I. Plekhanov, A.E. Simanchuk, A.V. Yakimanskii

Abstract. Using the method of optical rectification of femtosecond
laser pulses, we report the generation of short (a few field cycles)
terahertz pulses in the samples of films based on polyimides with
covalently bound chromophore molecules of DR type. The spectral
width of the produced pulses is limited by the pump pulse duration.
The quadratic nonlinear optical properties are imparted to the films
in the process of their fabrication by orienting the chromophore
molecules in the external electric field of the applied electrodes hav-
ing an original configuration. The samples are compared with the
ZnTe crystal. Using the methods of coherent spectroscopy, their
transmission and refractive index dispersion spectra are investi-
gated in the frequency range 0.5-2.6 THz. The studied polymer
composition is promising for the application in coherent spectrom-
eters both for increasing the working spectral range without dips
and for improving the spatial resolution in the near-field terahertz
spectroscopy.

Keywords: coherent terahertz spectroscopy, electro-optic polymers,
polyimides.

1. Introduction

The use of organic polymers with acquired nonlinear optical
properties (electro-optic polymers [1]) for generating and
detecting terahertz (THz) pulses and for time-domain spec-
trometers [2] allows the possibilities of THz spectroscopy to
be significantly expanded. The electro-optic polymers are a
composition of a polymer matrix and chromophore molecules
oriented in one direction in the process of fabrication [3]. The
purpose-oriented synthesis of chromophores with a large
dipole moment, high hyperpolarisability of the first order,
and the resonance band matched with the pump wavelength
allow one to obtain nonlinear coefficients higher by orders of
magnitude than those of crystalline materials, which provides
advantages in the width and continuity of the spectral work-
ing range.

In electro-optic polymers the chromophore molecules can
be mechanically mixed with the molecules of the polymer
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matrix (the guest—host system [4, 5]), or covalently bound to
the side chains of the polymer [3, 6]. In the process of sample
preparation, the dipole moments of the chromophore mole-
cules are oriented in one direction by the external electric field
(poling) near the temperature of the matrix vitrifaction, main-
tained during the subsequent complete cooling of the sample.
As a result, the composition becomes non-centrosymmetric,
acquiring nonlinear optical properties, and it becomes possi-
ble, in particular, to observe the second harmonic generation,
optical rectification and electro-optic effect. The closeness of
the absorption band of the chromophore molecules to the
pump radiation wavelength essentially enhances the nonlin-
ear response of the composition. As the matrix, the amor-
phous polycarbonate and polymethylmethacrylate [4, 6] are
often used. Of great interest are the polymers of the polyimide
class, characterised by a higher temperature of vitrifaction
than other polymers (180—300°C for different compounds),
which allows the improvement of the stability and heat resis-
tance of the ordered state. They also offer a wide choice for
purpose-oriented synthesis [7].

Previously, using the method of second harmonic genera-
tion, the quadratic optical nonlinearity and its stability were
studied for the compositions of different polyimides and
chromophores in the guest—host system [8] and the system
with covalent bonds [3, 7, 9]. In the present paper we report
the optical properties (in the terahertz range) of the polyimide
films [3, 7, 10] based on the 3,3’-dihydroxy-4,4’-diaminodi-
phenylmethane diamine and 1,3-bis-(3,4-dicarboxyphenoxy)
benzene dianhydride with the covalently bound groups of the
DR-13 dye, as well as the generation of THz pulses in them
using the method of optical rectification.

2. Experiment

The electro-optic polymer film (Fig. 1) is spin-coated on glass
substrates and then dried and baked [7]. The thickness of the
films did not exceed 1 um. Some samples were poled along the
normal to the film using the traditional method of the corona
discharge [3]. The rest samples were poled along the film sur-
face using the applied electrodes having the original design
developed by the authors. The samples poled in the corona
discharge were used as control ones for the comparison of the
nonlinear response by means of the second harmonic genera-
tion implemented in the setup described in Ref. [3].

We performed the numerical simulation of the electric
field strength distribution in the gap between the applied elec-
trodes of different configurations using the finite element
method (EStat_Edu 7.0 Field Precision programme). The
model allowed for the appearance of conductivity in the poly-
mer and in the substrate under heating. We also performed
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Figure 1. Structural formula of the polymer composition.

the control modelling for the conditions, described in Ref. [11]
(two electrodes 3 um thick with the gap of 100 um on the sil-
ica substrate) and obtained good agreement of the results.
For the poling of samples, we used the configuration of elec-
trodes that demonstrated the minimal nonuniformity and
asymmetry of the field distribution in the calculations. In fact,
it was a planar capacitor with a transverse cut, where the sam-
ple was inserted. The electrodes were firmly pressed the to
sample through an isolating, 15-um-thick, polyethylene tere-
phthalate film, which reduced the current in the circuit and
protected the polyimide film from damage. For the interelec-
trode gap of 3 mm and the voltage between the electrodes
1610 V, the calculated field strength in the sample was from
0.2 V um™! (in the middle) to 1.5 V um™! (near the electrodes).
The current in the circuit did not exceed 10 LA at the heating
temperature 180°C. The field remained applied to the samples
during up to 3 h (including the time of cooling).

The comparison of the nonlinear response, evaluated
using the second harmonic generation, with that of the con-
trol sample having the nonlinear coefficient d3; ~ 5 pm V! at
the wavelength 750 nm [3], has shown that the nonlinearity of
longitudinally poled samples is comparable with that of the
control samples.

To generate and record the THz pulses, we used the radia-
tion from a femtosecond Ti:sapphire laser (760 nm, ~ 70 fs,
110 MHz, the mean power of 200 mW) as pumping for the
excitation and as probing for the registration of THz pulses
[12]. The focused pump beam was incident on the sample
from the substrate side in the direction close to the normal;
the polarisation plane was parallel to the poling direction in
the film. It is important to note that the polymer film was not
destroyed under the action of pump radiation with the maximal
density of the mean power (in the focal spot) ~1.5 kWem™2,
which was facilitated by the low absorption of the DR 13 dye
at the pump frequency [3]. Note that Ree et al. [13] reported
the destruction of the samples based on the amorphous poly-
carbonate with the DDHF-6-V dye at the mean power den-
sity ~2 W ecm2. The electric field of THz pulses was detected
using the method of electro-optic sampling in the <110>
ZnTe crystal having the thickness 0.5 mm.

Figure 2 presents the THz pulse and the spectrum of its
power, averaged over three realisations. Although the thick-
ness of the film sample and ZnTe crystal differ by two orders
of magnitude, the amplitude of the THz pulse generated in
the film is only by 2—2.5 times smaller (for comparison the
inset of Fig. 2a shows the pulse, obtained from the <110>
ZnTe crystal with the thickness 0.5 mm). The generated pulse
has the duration less than 1 ps and consists of a few field oscil-
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Figure 2. (a) THz pulse and (b) its power spectrum.

lations. In Fig. 2b the horizontal line shows the level of noise,
which is determined as a mean square of the amplitude in the
spectrum of the noise signal, recorded with the blocked THz
beam under the same conditions. The dips present in the spec-
trum of the THz pulse in the frequency range 3—12 THz, cor-
respond to the absorption bands in the atmosphere water
vapours and in the ZnTe crystal of the registration system.

To characterise the optical properties of the electro-optic
polymer in the terahertz range, we measured the spectra of
the refractive index and the absorption coefficient (Fig. 3)
using the methods of coherent spectroscopy [14]. Due to the
considerable absorption of terahertz pulses in the glass, we
used a fragment of a non-poled polymer film separated from
the substrate.

One can see from Fig. 3a that in the range 0.8—2.6 THz
the refractive index is nry, ~ 1.45 and declines from this value
by approximately 0.02. The weak dispersion is typical also for
some other types of polyimides [15] and is considered as a
positive characteristic from the point of view of stable phase
relations between the pump and terahertz radiation within a
broad spectral band. The absorption spectrum of the studied
polymer (Fig. 3b) does not exhibit strong absorption and
broad expressed bands in the range 0.8—2.6 THz. The use of
this polymer in coherent spectrometers allows one to obtain
the maximal possible dynamic range within the entire work-
ing spectral interval.

According to the data of Ref. [3], in the wavelength region
near 760 nm the polymer possesses the refractive index n=1.71
and the dispersion An/AA ~ —2.5% 10~* nm~!. Therefore, the



Generation of ultra-short THz pulses in new optical nonlinear materials based on organic polymers 611

1.8

1.6

Refractive index

1.2

1.0
0.5 1.0 1.5 2.0 2.5

Frequency/THz

200

150

100

50

Absorption coefficient/cm™

0.5 1.0 1.5 2.0 2.5
Frequency/THz

Figure 3. (a) Refractive index and (b) absorption dispersion coeffi-
cients of the electro-optic polymer in the THz spectral region.

group refractive index for the pump pulse n, = n(A) —AAn/AL ~
1.86 > nry,. This fact means that the THz radiation overtakes
the parent pump pulse. The source, exciting THz oscillations,
which is a spike of the envelope electric field, produced by
rectifying the optical oscillations of the pump pulse, propa-
gates in the medium with the velocity ¢/ny,, and at ng, = nry, the
accumulation of the THz wave power following the Cherenkov
mechanism occurs. As follows from the obtained data, the
frequency, at which this is possible, lies above 2.6 THz.
However, the accumulation effects have no time to manifest
themselves at such a small thickness of the polymer, which is
much smaller not only than the length of interaction between
the pump pulse and the THz wave, Liy = c/(2ffng, — 1) =~
180 um, but also than the typical radiated wavelength Ay, = c/f. It
follows that the generation of THz radiation should occur in
the maximally broad frequency band, corresponding to the
rectified optical oscillations appearing when the pump pulse
crosses the entrance boundary of the film. This conclusion
agrees well with the experimental data: in whole, the spectrum
of the THz pulse is well approximated by the spectral curve of
the intensity envelope of the pump pulse having the duration
70 fs, shown by the dashed line in Fig. 2b.

3. Conclusions

In the present paper the generation of THz pulses in the elec-
tro-optic polymer based on the 3,3’-dihydroxy-4,4’-diamino-
diphenylmethane diamine and 1,3-bis-(3,4-dicarboxyphe-
noxy)benzene dianhydride with the covalently bound groups

of the DR-13 dye is reported for the first time. Under pump-
ing by femtosecond laser pulses having the wavelength
760 nm, the electric field strength of the THz pulse, obtained
from the film having the thickness smaller than 1 um, is by 2.5
times smaller than that in the <110> ZnTe crystal having the
thickness 500 um. The resulting THz pulses (a few field oscil-
lations) have sub-picosecond duration. We also studied the
frequency dependences of the energy and optical properties of
the polymer in the frequency range 0.5—-2.6 THz. The results
show that the studied composition is promising for the design
of efficient broadband radiation-resistant devices intended
for the generation and detection of THz radiation.

Acknowledgements. The authors express gratitude to
N.A. Nikolaev, A.A. Mamrashev, and A.I. Malyshev for the
help in conducting measurements, and to V.D. Ugozhaev for
fruitful discussions of the electrode construction.

The work was partially supported by the Russian
Foundation for Basic Research (Grant No. 14-29-08134) and
the Presidium of the Russian Academy of Sciences,
(Programme No. 1).

References

1. Dalton L.R., Sullivan P.A., Bale D.H. Chem. Rev., 110, 25 (2010).
Zhang X.-C., Xu J. Introduction to THz wave photonics (New
York: Springer, 2010) Ch. 2.

3. Yakimansky A.V., Nosova G.I., Solovskaya N.A., Smirnov N.N.,
Plekhanov A.I., Simanchuk A.E., Gorkovenko A.l. Chem. Phys.
Lett., 510,237 (2011).

4. Sinyukov A.M., Hayden L.M. Opt. Lett., 27, 55 (2002).

5. Hayden L.M., Sinyukov A.M., Leahy M.R., French J.,

Lindahl P., Herman W.N., Tweig R., He M. J. Polymer Sci. B:
Polymer Phys., 41, 2492 (2003).

6. KajiT., Yamada T., Tominari Yu., Aoki I., Ueda R., Tanaka S.,
Otomo A., in Infrared, Millimeter, and Terahertz waves
(IRMMW-THz), 40th Intern. Conf. IEEE (Hong Kong, 2015) p. 1.

7. Nosova G.I., Abramov I.G., Solovskaya N.A., Smirnov N.N.,
Zhukova E.V., Lyskov V.B., Dobrokhotov O.V.,

Aleksandrova E.L., Maslyanitsyn I.A., Shigorin V.D.,
Yakimanskii A.V. Vysokomolek. Soed., Ser. B, 53, 316 (2011)
[ Polym. Sci., Ser. B, 53, 73 (2011)].

8. Stahelin M., Walsh C.A., Burland D.M., Miller R.D., Tweig R.J.,
Volsken W. J. Appl. Phys., 73, 8471 (1993).

9. Gorkovenko A.I., Plekhanov A.I., Simanchuk A.E.,
Yakimanskiy A.V., Nosova G.I., Solovskaya N.A., Smirnov N.N.
J. Appl. Phys., 116, 223104 (2014).

10. Nosova G.I., Yakimanskii A.V., Solovskaya N.A., Zhukova E.V.,
Smyslov R.Yu., Tameev A.R., Aleksandrova E.L.,
Magdesieva T.V. Vysokomolek. Soed., Ser. B, 5, 111 (2011)
[Polym. Sci., Ser. B, 53,16 (2011)].

11. McLaughlin C.V., Zheng X., Hayden L.M. Appl. Opt., 46, 6283
(2007).

12. Mikerin S.L., Poteshkina K.D., Plekhanov A.I. Vestn.
Novosibirskogo Univer., Ser. Fiz., 9 (2), 6 (2014).

13. Sinyukov A.M., Hayden L.M. J. Phys. Chem. B, 108, 8515 (2004).

14. Antsygin V.D., Mamrashev A.A., Nikolaev N.A., Potaturkin O.I.
Avtomertiya, 46, 110 (2010) [ Optoelectron., Instrum. Data Process.,
46 (3), 294 (2010)].

15. Ree M., Chen K.J., Kirby D.P., Katzenellenbogen N.,
Grischkowsky D. J. Appl. Phys., 72,2014 (1992).



