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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.

Keywords: Dendrimer, waveguide, terahertz, electro-optic rectification, difference frequency generation, doping and
poling

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
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Fig. 5. (a) Experimental setup for measurement of electro-optic response. A prism coupler is used to couple an IR laser to the
film that is modulated with low frequency (1 kHz) AC voltage (Vpp) through a top and a bottom electrode. The
response is detected by lock-in amplifier at the modulation frequency. (b) Representative measured response detected
by a lock-in amplifier at the modulation frequency.

coupler (Metricon 2010). The linear Pockels effect is used to deduce the 73; parameter from measured refractive index
change between unpoled and poled film. The orientation distribution of the dipole moments of cured polymer film is
isotropic. Hence the index ellipsoid is a sphere. After poling [Fig. 3(b)] the isotropy is broken and the poled film
becomes a uniaxial polar material with a changed refractive index. The index difference, An, is related to the EOC, 733,
via the poling field strength £, as,

|An| =%n3r33Ep (1)

Fig. 6(a) shows the measured refractive index (RI) difference of poled and unpoled films at room temperature as a
function of wavelength. RI of the poled films was measured 72 days after poling. A systematic difference in refractive
index has resulted and remained due to poling. This difference is utilized in Eq. (1) to compute 755 . a value of 130 pm/V
was obtained at 633 nm falling to 90 pm/V at 1553 nm [Fig. 6(b)]. While this value is significantly higher than inorganic
crystalline materials (e.g., for LINbOs, the EOC ~33 pm/V), an even higher value, ~300 pm/V is expected via optimizing
the doping and poling process. Since ;{(2) oc gzr33, where, ¢ is the dielectric constant, the measured 733 indicates a

significantly higher »® for the present dendrimer film.
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Fig. 6. (a) Refractive index difference between poled and unpoled dendrimer film. (b) Electro-optic coefficient of poled dendrimer
film at room temperature; 733 values were calculated from the linear Pockels effect. The red square is interpolated

corresponding to 800 nm. (Data reproduced from paper titled “High »‘® Dendrimer for Terahertz Generation,” submitted to
Optic Express, 2007).
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4. WAVEGUIDE DESIGN AND SIMULATION

With the measured optical properties of dendrimer, a realistic simulation is possible. The natural index contrast (NIC)
effect [17] of dendrimer offers a simpler but useful method to design photonic waveguides. For the waveguide
confinement zone (core) characterized by a higher refractive index (RI) that is covered by a cladding of slightly lower
RI, dendrimers make a good choice. Fig. 7(a) shows the construction of a dendrimer waveguide on silicon substrate
where the dendrimer core is enclosed within another dendrimer layer of lower refractive index. The cladding layers can
also be fabricated from a spun-on glass. A natural index contrast between zero and 10% can be achieved by choosing
appropriate dendrimer generation and/or doping the same generation dendrimer. This is a suitable contrast to produce
practical waveguides. Fig. 7(b) and (c) shows the mode field plots. Fig. 8 shows the design and simulation of an array of
waveguide. The mode field is well confined within the dendrimer core, indicating a low cross-talk between neighboring
waveguides.
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Fig. 7. a) Design of dendrimer based waveguide. Section shown with half core-width. Here the core (channel) is made
with dendrimer and the cladding is made with another dendrimer of lower refractive index. The length scale is in
microns. b) 3D E, field profile of a ridge waveguide structure and ¢) normalized field-intensity along x-axis, the
peak corresponds to the peak in (b) [18].
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Fig. 8. Design (top) and optical field intensity distribution (bottom) in an array of dendrimer waveguide on silicon.

The dendrimer waveguide thus obtained are used as a basic building block to design a number of useful photonic
devices such as a reflective arrayed waveguide grating [19], optical amplifier, modulator, terahertz emitter, and sensor
[17]. These devices are discussed elsewhere [17, 19] and not repeated here.

5. TERAHERTZ GENERATION
5.1. Electro-optic rectification
A 4 material is suitable for terahertz (THz) generation via electro-optic rectification (EOR) [20-27]. Chang et al. [21]

has demonstrated scalable THz power generation from GaP using an amplified 210 fs pulse of 1055 nm fiber laser. An
average THz power of 6.5 uW was reported at a pump power of 10 W.
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Fig. 9. Terahertz generation and average power measurement setup from dendrimer emitter.

Fig. 9 shows a setup used for terahertz average power measurement. A 35 fs Ti:Sapphire pulsed laser (Integral 50,
FemtoLasers, Vienna, Austria) at 800 nm was used to activate the electro-optic rectification process in the dendrimer
emitter made from poled dendrimer film whose EOC data shown in Fig. 6. The film was mounted on a Plexiglas frame
where ~1 cm dia circular area was exposed to receive the pump laser beam of spot size ~2 mm. The emitter film on
frame was mounted next to an IR filter that truncates transmission of wavelengths below and up to 1500 nm. The filter
was attached to the detector head such that no light could enter the detector without going through the filter. At this
stage, while the pump laser was on, a base line (noise floor) of the detector was established excluding the emitter from
the beam path. Then the emitter was inserted in the beam path (Fig. 8). The mode-locked pump power available from
this 35 femto second pulsed laser was varied from ~200 mW to ~255 mW. Measured terahertz power is shown in Fig.
10(a); ~0.49 uW terahertz power was generated corresponding to a pump power of 252 mW. To our knowledge, this is
the first terahertz generation from dendrimer.

Chen et al. [25] has used a nonlinear susceptibility tensor [20] and derived an approximate magnitude of the THz
given by (see Table 1 of ref. 25),

Epy, ocdyE ;mep ’ ()
where, d\, = 4 ¥ and E,,,, is the pump energy. Since, ' ocg? -1, the THz field magnitude can be approximated in
terms of 733:

ETHZ oc r33E;27ump : (3)

Therefore, the THz power from EOR is proportional to the square of peak pump power. Chang et al. [21], however, have
obtained a faster than quadratic scaling of THz power for GaP. For dendrimer, no reported formulation is available, as
such, it remains a task. It is, however, evident from Eq. (3) that while the output power depends quadratically on the
pump power, it also depends linearly on 75;. In light of reported data [21] and Eq. (3), it is reasonable to assume a
function of the form:

_ 2
Wraz = Qend Wpump (4)

where, a4, 1s an appropriate coefficient that depends on 733 and also on other factors. Eq. (4) fits the data of Fig. 10(a)
and also fits the data reported by ref. 21 (Fig. 10(b), closed squares). The factor @, was calculated for dendrimer
emitter corresponding to the measured 733; a plot is shown in Fig. 10(b) for dendrimer (open circles). The measured data
follow the trend as seen from Fig. 10(b) as well (closed circles). However, since the available pump power of the present
investigation in only ~255 mW, higher pump power is necessary to investigate the higher terahertz power region.

5.2. Difference Frequency Generation

Difference frequency generation (DFG) is a useful method to produce tunable radiation by utilizing two pulsed laser
along with a NLO medium [28-36]. DFG has been used to produce tunable infrared radiation [28] and terahertz
radiation [34] from electro-optic crystals. Simon et al. [28] has mixed two single mode diode lasers in AgGasS, to
generate tunable far infrared radiation. They focused a collimated and spatially overlapping beam of two diode lasers
emitting at 690 nm and 808 nm in to AgGaS, nonlinear crystal. The input lasers were at 10.1 mW and 1.93 mW
respectively. A chopped beam focused in to the AgGasS, crystal generated 3.3 nW of infrared radiation in 63.4 THz
region. Recently, Shi et al. [34] has reported THz generation by difference frequency mixing from a NLO GaSe crystal.
They produced 0.43 uW average THz power in 1.5 THz region corresponding to ~900 mW average pump from both
lasers. The THz output exhibits an exponential like behavior as a function of average pump power.
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Fig. 10. (a) Measured terahertz data. (b) Model (open circles) along with measured data (closed circles). Reported data from ref.
18 (closed squares) are also presented for comparison (wpis the pump power from a femto second laser).

In the present work, the feasibility of mixing two single mode diode lasers in poled dendrimer film to generate
tunable terahertz radiation has been demonstrated. Fig. 11 shows a scheme of the experimental setup used in an all-diode
laser difference frequency generation. The laser diodes (JDSU) were packaged with polarization maintaining single
mode fiber. The jacket from the fiber tip was stripped and the fiber was cleaved. Fiber ends from both lasers were then
bundled together to form an overlapped beam that was passed through a chopper on to the dendrimer film (terahertz
emitter, Fig. 11) that was poled as described before. The total available power from both diodes was first recorded as a
function of diode current according to the vendor specification, after the beam passing through the chopper but
excluding the emitter and filter from the beam path. The available combined pump power from both laser was ~900 mW,
however, after passing through the chopper, the measured power was only ~196 mW at a combined current of 1.1 A. The
combined pump power was focused on to a wide area (~2 cm dia) of the dendrimer THz emitter. The emitter was placed
next to a filter that was attached to the detector head such that any light must go through the filter to reach the detector.
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Fig. 11. Difference frequency generation from dendrimer with solid state laser diodes.

The diode lasers used here has closely spaced wavelength of 977.69 nm and 976.2 nm. Therefore, a difference
frequency of ~0.47 THz is expected. However, it is relatively easy to tune the terahertz frequency using lasers of
different wavelengths. Lasers of other wavelengths will be used in future experiments to tune the THz range. As can be
seen from Fig. 12, the generated power is significantly higher compared to those generated from inorganic crystals [34].
At an average pump power of 196 mW, an average terahertz power of ~61 uW was generated. It is assumed that this
higher power is primarily due to the higher electro-optic coefficient of the poled dendrimer of current investigation. This
is also the first difference frequency demonstration from dendrimer. From the trend of the data it is surmised that further
higher pump power will generate further higher terahertz power.

6. SUMMARY

In this paper dendrimer’s optical properties have been characterized. The electro-optic dendrimer is described as a
suitable »® material for terahertz emitter application. Dendrimer’s electro-optic coefficient 73; has been measured by
means of Pockels effect. The 735 value of poled dendrimer film is 130 pm/V at 633 nm that dropped to 90 pm/V at 1553
nm. This measurement was conducted after 72 days of poling, thus, time dependent decay of 753, if any, is not captured.
A modified Teng-Man set up is used to examine the low frequency response of poled dendrimer film that shows
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expected linear relation between modulating excitation and modulated signal. This high 7> film was used as a terahertz
emitter by electro-optic rectification. An average terahertz power of 0.49 pW was generated at a mode-locked pump
power of 252 mW. The generated data were fitted by a faster than quadratic model. Further, difference frequency
generation from the electro-optic dendrimer has also been demonstrated at 0.47 THz that generates significantly higher
terahertz power. Future work will attempt to generate a terahertz spectrum for the dendrimer emitter. Also terahertz
power enhancement via waveguide array is also being planned.
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