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ABSTRACT

Dendrimer is a workhorse nanomaterial for a number of important photonic devices. The electro-optic (EO) properties of
a chromophore doped and poled dendrimer film exhibits higher electro-optic coefficient 733. Measured refractive index
shows significant difference between poled and unpoled dendrimer film. The 733 value was determined to be ~130 pm/V
at 633 nm that dropped to ~90 pm/V at 1553 nm. Dendrimer waveguide can be used to design several important
photonic devices. EO dendrimer is used to generate terahertz radiation via electro-optic route. Here electro-optic
rectification and difference frequency generation has been demonstrated. Significantly higher terahertz power can be
generated by the higher y® dendrimer emitter of the present investigation.
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1. INTRODUCTION

Dendrimer is a polymeric nanomaterial with spherical molecular architecture that offers enhanced electro-optic
properties via doping and poling. The non linear optical (NLO) parameters such as electro-optic coefficient (EOC), 735,
and the second order susceptibility, 2% are the factors of ultimate importance for terahertz generation via electro-optic
route. Other devices such as high speed optical modulator and electro-optic sensors’ performance can also be enhanced
via a higher value of these parameters. Dendrimer’s [1] molecular size is determined by its generation; for PAMAM
dendrimer, the molecular size varies from ~ 1.5 nm for generation 0 (G0) to ~ 13.5 nm for generation 10 (G10).
Because of their highly organized structure, dendrimer allows fabrication of high quality, stable films on common
substrates that are suitable for lithographic processing of waveguides and waveguide based photonic devices with lower
loss. Simultaneously dendrimer waveguide based devices can be fabricated that allows monolithic integration with other
functionalities on a single chip. When chemically complexed (doped) with a dopant such as a chromophore, dendrimer
exhibits significantly enhanced nonlinear optical properties.

In addition to planar waveguide, dendrimer can also be used to fabricate other photonic functionalities. Table 1 lists
a few different photonic functions obtainable from dendrimer. In this paper dendrimer’s optical and electro-optic
properties are characterized. These properties are used to simulate waveguide and waveguide based devices. Some
details of film formation, doping, poling and EOC measurements are also described. Terahertz generation from this EO
dendrimer via electro-optic rectification (EOR) and difference frequency generation (DFG) is also described.

Table 1. Photonic functionalities obtainable from dendrimer
Functionality Main property Doping
Waveguide, mux/demux, splitter, etc. High transmission, low loss None
Amplifier Absorption and emission spectra | Rare-earth elements
Terahertz generator, modulator, EO sensor | High EOC, susceptibility Chromophore
Photonic crystal Dielectric constant Inorganic oxide

2. DENDRIMER FILM PROPERTIES

Poly(amido amine) (PAMAM) and poly(amidoamine organosilicon) (PAMAMOS) dendrimer (Dendritech, Inc.,
Midland, Michigan) were used for the present investigation. PAMAMOS dendrimer is essentially a PAMAM dendrimer
with the end groups complexed by (3-acryloxypropyl)-trimethoxysilane (TMOS). Films on silicon wafer and also on
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glass slides were formed by spin-coating. Spun-on films were cured on a hot plate via a 3 step ramp and soak protocol;
the soak time at the highest temperature (~175°C) was ~20 min. Some films were also made by simply dispensing the
dendrimer solution on to glass slides and then cured using the same protocol as above. However, much thicker films,
~100 pm, were obtained this way compared to spun-on films. By spin-on method the thickness of the film can be
controlled from < 1 um to 6 um by controlling the solution viscosity and spinning parameters.
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Fig. 1. Measured (by Metricon 2010) refractive index (RI) of two species of dendrimer along with RI of glass (blue line). Both
the thickness and refractive index can be adjusted for specific application.
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Fig. 2. FTIR spectra of cured dendrimer film on Si-wafer exhibits high transmission (>99%) over the C-band.

The refractive index (RI) of these films was measured with a Metricon 2010 (Pennington, NJ). All measurements
were done in the TE mode. Fig. 1 shows the RI values and thickness of two different dendrimers prepared by spin-on
method. The wavelength dispersion of the RI is minimal over the range of 800 nm to 1560 nm. Fig. 2 shows FTIR
spectrum of a cured undoped dendrimer film. Transmission is excellent over 1300 nm to ~2750 nm range with some
absorption visible around 3000 nm and above. A wider range measurement is necessary to investigate the absorption
characteristics of higher and lower wavelength ranges.

2.1. Doping and poling

Dendrimer needs to be complexed with charge transfer species to increase its dipole population. However, unlike many
guest-host system [2—-4], where a relatively higher chromophore loading is required to achieve appreciable NLO
characteristics, dendrimer requires much lower doping concentration to achieve higher electro-optic properties. This is
because dendrimer itself is a polar molecule that favors dipole formation via its own charge centers. Suitable
chromophores for doping dendrimer will have a functional group that has high affinity towards amine groups. Therefore,
a chromophore with hydroxy or carboxylic moiety is suitable. Such chromophores are available commercially.
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PAMAMOS dendrimer has a functional group with relatively high affinity towards amine groups. Alizarin (1, 2-
dihydroxyanthraquinone, C;4HgO4) has a suitable structure for complexing with (doping) dendrimer because its phenolic
OH will interact with the PAMAMOS amine. Alizarin (Alfa Aeser) is a good choice for dopant because it is a non-linear
chromophore with a large linear hyperbolarizability and an absorption maxima of ~609 nm. This is important for a
terahertz emitter. Because an electro-optic terahertz emitter is pumped by a femto second laser in 800 nm wavelength
range; having the absorption maxima significantly below this range helps avoiding problems like photo degradation [5].
As a small molecule, alizarin not only can complex with the surface amine groups, but it can also fit in the interstitial
space of a dendrimer molecule, thus helps uniform doping concentration. For refractive index measurements of
chromophore doped dendrimer, appropriate solutions were dispensed on metallized glass slides that were cured with a
profile mentioned before. Refractive indexes of these films were measured with a Metricon 2010. Dendrimer doped with
3 wt% alizarin before poling has a refractive index ~1.54 at 632 nm.

Like all NLO polymers, dendrimer need to be poled to optimize the dipole alignment. The poling configuration is
sketched in Fig. 3; the value of non-zero »'* depends entirely on the dipole orientation [6-10]. To the first
approximation, when the aligning field is static, the average orientation depends on the poling field strength, £ p- A
number of poling techniques have been deployed by other investigators: solid or liquid contact electrode poling, all-
optical poling, photo assisted poling and corona poling; all can break the molecular centrosymmetry to produce non-zero
nonlinear effect. Here a corona poling was deployed because of the geometrical simplicity of the method and also to
avoid the complicacies associated with contact electrode poling [7, 10]. For contact poling, electronic conduction within
the polymer layer has been identified in many polymers; even a very small conduction current will result in an
incomplete (non-efficient) orientation of the dipole moments. Blum et al. [10] identified three regions of conduction as a
function of applied field for Disperse Red 1 doped PMMA polymer where contact electrodes of ITO and gold were used
on either sides of waveguide. The authors found that for ~ 1.44 um thick active layer cladded between two layers of SiOy
[derived from poly(methyl siloxane)], an Ohmic conduction exists below 25 V/um. Between 25 and 100 V/um,
conduction via Schottky thermionic emission is dominant while a further higher field may generate larger current via
Fowler-Nordheim tunneling. However, the presence of any of these conduction processes will result in a significantly
higher current than observed for the present samples.

A controlled corona poling was conducted with a needle electrode [6] with the above mentioned conduction
processes in mind. The sample configuration is shown in Fig. 3 (a); the high voltage needle electrode was placed 1 cm
above the sample surface. Sample temperature was raised at a rate of 4°C/min and held at 110 £1 °C. It is expected that
as the alignment progresses, poling current will increase as a function of applied field [7]. The poling current should
stabilize when maximum alignment is reached. Beyond this point, additional applied field would drive the current higher
leading to the phenomena observed by Blum et al. [10] and at a further higher field breakdown of the film may occur.
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Fig. 3. (a) Sample configuration for corona poling. (b) Corona poled dendrimer film. The degree of dipole orientation determines the
pump-THz conversion efficiency while the concentration of the oriented dipole moments determines the total output power
per pulse.
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It was observed that the onset of producing a measurable current at 110°C is > 6 kV of applied voltage for the
configuration used. Traces of temperature and poling current were monitored during the entire period to examine the
poling condition. Voltage was increased at a step of SOV to 100V and the resulting current was recorded continuously by
a PC. As seen from Fig. 4, the current increased as the voltage was raised above the threshold and then stabilized. For
example, for a film thickness of 100 um, and doping concentration of 3 wt%, current stabilized at 8 £ 1 pA at an applied
voltage of 6700 + 100 Volts. This corresponds to field strength of ~6.6 x 10° V/cm. Current remained steady at the
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maximum applied voltage at a fixed temperature indicating an optimum alignment. Optimum stable poling current was
maintained for ~30 minutes to allow for the orientation of the dipoles. At that point, while still the high voltage was
being applied, the heater was turned off. As expected, the current subsided as the temperature slowly reached to room
temperature. Thus the dipoles were frozen in at the aligned state.

It was also observed that the poling current is dependent on the doping concentration. Fig. 4 shows the poling
behavior of four different concentrations. In all cases, the current increased as a function of poling field and then
saturated. However, higher the doping concentration, lower the slopes of current rise. Also, higher the chromophore
loading, higher the saturation current but not excessively high for corona poling. The absence of a tremendously higher
poling current indicates that this current is not due to the internal conduction within the dendrimer film. This procedure
thus ensures that a proper poling has been achieved and that the dipoles remain oriented after poling.

From Fig. 4 it is also seen that the lowest chromophore loading (3%) has the highest slope and also the current
saturates at a smaller peak value compared to higher loading where the gradual rise of poling current extends over a
wider range of applied field and does not exhibit a well defined plateau. Given that the geometry of these samples is
identical, it is surmised that the lower chromophore loading sample has more efficient poling.
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Fig. 4. Poling current of a chromophore doped dendrimer film as a function of chromophore loading. For 3% samples, current
stabilizes at ~ 8 A at 6700 V applied. The optimum poling voltage for this sample is between 6600 V and 6700 V.

3. ELECTRO-OPTIC MEASUREMENT

Teng-Man type setup [11] has been used for a direct measurement of the electro-optic coefficient of other electro-optic
polymers [12]. Here a laser beam is reflected off of the poled film that is sandwiched between two electrodes via which a
low frequency modulation is applied. The modulated beam is detected and monitored by a lock-in amplifier at the
modulation frequency. However, a disadvantage of the Teng-Man setup is the fact that here a beam is reflected off of the
sample that is sandwiched between two electrodes; one transparent and one reflecting. Under such condition actually a
very small amount of light is reflected off of the sample because of a small spot that is actually interacted by the laser
beam. Fig. 5(a) shows a modified setup that utilizes a transmitted beam through the length of the sample that is coupled
by a prism. Fig. 5(b) shows the sample response of the modulated signal as a function of modulating voltage. As
expected, as the applied voltage is increased, the modulated signal also increases linearly [7, 12—16]. The measurements
were repeated several times reproducing the trend within experimental error. A linear relation is indicative of an
effective electro-optic active material resulted from doping and poling.

Because of the difference in geometry (transmitted beam vs. reflected beam of Teng-Man setup), the Teng-Man
equation [11] is not applicable for the current configuration. Therefore, the Pockels effect was used to measure the
electro-optic coefficient. Here, the refractive index of dendrimer films was measured before and after poling by a prism

Proc. of SPIE Vol. 6893 689302-4






