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ABSTRACT

We utilize analysis of third harmonic generation under femtosecond pulsed excitation as a reference free measurement

(3)

method for third order nonlinear susceptibility ( 7*’ or “Chi 3”) of planar waveguides. We investigate ;((3) dispersion

in planar Ta,0Os waveguides at wavelengths either side of the telecoms window, obtaining a nonlinear coefficient of

2x107" esu, at 1550 nm. Our study indicates that ‘> increases within the measured wavelength range due to a three-
photon resonance of 7a,O;s electrons, revealing the potential of this material system in high speed integrated nonlinear
optical switches for the telecommunications spectral window.
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1. INTRODUCTION

Nonlinear susceptibilities are known to be useful in studying physical properties of dielectrics and therefore important
for applications[1] such as optical interferometers[2], supercontinuum generation (SCG)[3, 4], wavelength division
multiplexing (WDM) for optical communications[2, 5], optical parametric amplifiers[6], and are widely used in both
laboratory and commercial laser systems (e.g. Coherent Inc.). There is interest in engineering compact devices to operate
with lower power solid state pump sources such as vertical-external-cavity surface-emitting semiconductor laser
(VECSEL)[7, 8] in order to move applications out of the laboratory. Since the second-order nonlinear susceptibility

(7?) does not exist for materials with centrosymmetric lattice such as silica and Ta,0Os, nonlinear phenomena
occurring within these materials are governed by the third-order susceptibility ( 7 )[9, 10]. A number of techniques for

measuring ;((3) of materials have been reported in literature. These include:

1) Self-phase modulation (SPM)[11]. This is based on measurement of SPM induced spectral broadening of femtosecond
pulses. In this case pulse duration is a critical parameter, hence group velocity dispersion (GVD) must be taken into
consideration as the pulse propagates along the guide, and time-of-flight or autocorrelation methods are required to
measure the pulse duration. Nonlinear coefficients of the guiding medium can then be derived at the wavelength of pulse
duration measurement.

2) Four-wave mixing (FWM)[12-15] is one of the most common method for measurement of ;((3) , either by measuring

the two-photon absorption coefficient, or by comparison of the time resolved signal intensities of degenerate FWM
(DFWM).

3) The Z-scan technique[16, 17] is a well accepted method for measuring both real and imagery y® coefficients. The

technique is used to examine mostly thin film layers, where y® is derived from the differences between input and
output signals as the sample position changes along the propagation direction (i.e. z-direction).

4) The Maker fringes method[18-20] has been used to examine thin film layers on a known substrate (e.g. fused silica)
and is similar to the Z-scan method. However, instead of moving the sample in the z-direction, the sample is rotated on a
plate to adjust phase matching conditions and the nonlinear coefficient is extracted by examining fringes which occurs
through interference of the detected third-harmonic intensity in a Maker interferometer.
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5) Third harmonic generation (THG)[21-23] has also been used to determine ;((3) (mainly for single crystal structures).
Previous experiments measured the intensity/polarization field of THG in single/sapphire crystals and optical fibers to
obtain ;((3) values. With this method a known reference material is required (most commonly fused silica).

Of the above listed methods, THG measurement is one of the simplest possible methods for obtaining y® since it is a

purely electronic and coherent process, with no ambiguity in the physical mechanism. This is in contrast to other
processes such as degenerate four-wave mixing and optical Kerr effect[23], where other competing nonlinear effects
complicate the experimental analysis. THG has been observed in several materials including: BIBO (Bismuth triborate,
BiB; 0 )[24], thin sapphire crystals[25], fused silica[26], carbon nanotubes[27], and other types of single crystals[28].

Tantalum pentoxide (7a,0s) planar waveguides have recently been shown to possess unusually large third order
nonlinear susceptibilities ( #* or “Chi 3”) and nonlinear Kerr coefficient (7, )[11]. Other materials such as silicon or

chalcogenide ( 4s,S;) glass have also shown very high 7% or n,, but silicon suffers from high intrinsic normal
dispersion and free carrier (FC) creation losses[29, 30] and chalcogenide glass also has high normal dispersion and
relatively low damage threshold (9 GW / em? [31, 32]) compared to Ta,Os [3] used as a high k -dielectric for silicon
heterojunction bipolar transistors (Si-HBTs). Ta,0s is a well known material to the microelectronics industry[33] with

well known processing technologies, and forms a strong candidate for potential applications in nonlinear integrated
optics[34-38], such as supercontinuum generation (SCG)[3, 39, 40], third harmonic generation (THG) spectroscopy[41-
43], compact optical parametric amplifiers (OPAs) and tunable light sources as well as fluorescence detection[44-46].

We report the experimental demonstration of THG in planar 7a,0s; waveguides and perform analysis of frequency

tripling effects under a range of pump conditions, and together with detailed calculations of y® through THG based on

the work of Meredith et al.[22] and Kobayashi et al.[23]. Our revised method does not require a reference material (e.g.
fused silica), and works even in the presence of other competing nonlinear effects such as self-phase modulation (SPM),
Raman effects, and four-wave mixing (FWM) (including standard degenerate four-wave mixing (DFWM)). We utilize

the relationship between y©

and n, in solid semiconductors (described in the work of Mohanta and Choudhury[14]) to
compare the derived values of our results with the first reported measurement of the nonlinear coefficient ( n, ) of Ta,0O;

planar waveguides by Tai ef al.[11] whose measurement was based on analysis of self-phase modulation at a fixed
wavelength of 800nm.

In this paper, we present the ) dispersion in T a,0s for the first time. 7® dispersion has been studied in material
systems such as poly(dihexylsilane) (PDHS) films[47], molecules[48], and TeO, glass films[18] by analyzing the

Kramers-Kronig dispersion relations, absorption spectrum, and THG respectively. Our measurement of ;((3) is extended

over a range of wavelength from 1470 — 1610 nm, enabling us to obtain the ;((3) dispersion in 7a,0s material system.

2. EXPERIMENTS AND RESULTS
2.1 Device Fabrication and Testing

Ta,0s waveguides samples were grown on a silicon substrate by RF (radio frequency) sputtering, optical lithography,

and plasma etching[3]. Figure 1 shows a cross-sectional SEM (scanning electron microscope) image of the waveguide
sample analyzed. Robustness tests have previously shown that there is no change in waveguide loss or UV induced
damage with up to 1 W of continuous wave (CW) 455 nm light focused into the guide, and no waveguide facet damage
for 800 nm 250 fs pulses with energies up to 2 &/ from a 250 kHz Ti:Sapphire regenerative amplifier[3, 40]. Before
commencing this new analysis of nonlinear effects in the guides, further tests for laser induced damage were performed
on a test guide. This showed that there was no damage for 250 fs pulses with energies up to the maximum power output
(12 nJ /pulse or 3 mW average power) over the entire 900 — 1650 nm tuning range of our OPA, which was sufficient for
this experiment.
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Fig. 1. SEM images of 750 nm high tantalum pentoxide waveguide samples. Sample A: 2.5 micron wide (Left); Sample B:
18 micron wide (Right).

2.2 Experimental Setup

Figure 2 shows the experimental setup used for »® measurement. The fundamental pump beam is provided by an OPA
pumped by a mode-locked ultrafast Ti-Sapphire amplifier. The OPA provides tunable infra-red (IR) pulses (250 fs
duration) over range 900 to 1600 nm (limited by the detection equipment). A telescope is used to reduce the pump spot
size for improved coupling to the guides. A wave plate and a linear polarizer are used as a power attenuator. This allows
input power to be adjusted without introducing significant distortions into the beam or affecting the coupling conditions.
However, due to the high power pump and low damage threshold of the wave plate, we remove the wave plate and rotate
polarizer as the power attenuator, and correct the output power correspondingly. A short focal length aspheric lens
(which provides a near transform limited spot) is used for input coupling to the guides and output from the end facets of
the guides are collected and collimated by a 10X microscope objective. For analysis of IR spectra, the output from the
guide is fiber coupled to an Ocean Optics NIR512 IR spectrometer. For analysis of visible spectra, KG5 and SPF650
filters are used to remove the residual pump before fiber coupling to a visible spectrometer (Ocean Optics HR2000).
Additional lenses and removable beam splitters image the waveguide output facet onto separate visible and IR CCD
cameras placed after the microscope objective. Images from these cameras are used to optimize pump input coupling and
to identify the mode number of the coupled pump beam and the generated THG modes.
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Figure 2: Experimental setup for the third order nonlinear susceptibility (Dashed items are removable/replaceable according
to different wavelengths, equipments, or experimental requirements). The output beam from OPA is firstly coupled into
a telescope to reduce the spot size for improved coupling; the input coupling power is adjusted by an attenuator (a
polarizer and half-wave plate); aspheric lens is used to provide a near transform limited spot to couple into the
waveguide; output signals collected by a microscope objective are focused onto different spectrometers and cameras
for analysis with appropriate filters applied.
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2.3 Experiment

Silicon dioxide ( SiO, ) clad Ta,Os planar rib waveguides with core thickness of 750 nm, and widths 2.5 gm (Guide A)
and 18 um (Guide B) were analyzed. The pump was tuned over wavelength range 1470 — 1610 nm, and spectral

measurements made at average pump powers in the range 0.5 — 2.0 mW with steps of 0.5 mW (measured by power meter
P1 placed between polarizer and input coupling optics). Frequency tripling was observed over the wavelength range 489
— 538 nm. Figure 3a shows an example set of the normalized IR pulse spectrum at 1550 nm pump wavelength with the
pump mode profile, corresponding THG output spectrum (normalized) and THG mode profile. The two peaks appeared
at the similar power levels and the additional THG peak in figure 3a clearly shows that there are several competing
nonlinear effects occurring within the waveguide for pulse energies of 8 nJ (2 mW average power) for 250 fs pulse
width at 1550 nm. Figure 3b shows the magnified IR pulse spectrum (normalized) and the corresponding residual pump
spectrum (normalized) in log scale.
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Figure 3: (a) IR (solid red line) and THG output (dotted green line) spectra of the guide A at 1550 nm pump (dashed blue
line) wavelength with average power of 2 mW (8 nJ). Insets: (left) mode profile of THG output, (right) mode profile of
IR output. (b) IR (solid red line) and its pump (dashed blue line) spectra with the respective normalized Gaussian fits of
the un-broadened input pump spectrum (dotted green line) and the respective residual broadened pump in IR output
spectrum (broken purple line).
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2.4 Theory

7 is related to the nonlinear Kerr effect which describes how the refractive index of a nonlinear material changes with
the incident light intensity[49]:

n=ny+n, -1 (1)

where for solid semiconductors, the nonlinear refractive index (7, ) can be written as[14]:

% ‘1(3) ‘ ®)

n2=

In order to measure ;((3) of the material, the following mathematical relations linking THG field intensities and ;((3)
can be used:

Under the perfect phase matching condition, the electric fields of second harmonic generation (SHG) and a pump beam
propagating along the z-direction is given by[50]:

9 pomy=ix-e D2 B2 (2 ) 3)
dz
wde/f . (2) . .
where x=—— with d,=¢,-x"7, and Ak=k(2w)-2k(w) is the wave number difference,
nyc
2 -
k= 27 = 2z = 70 s the wave number inside the waveguide.
lwg ﬂpump /nO ‘pump

hence, integrating both sides of equation (3) gives:

wd
EQo)| = ( A ] JE@)|" — @

Applying the same phase-matching condition for THG, the electric fields must satisfy the relations:
wd
2 14
|EGw)| ( 7 J JE@[ —~ )

where in this case, d; = 7® for the third harmonic generation[51].

2
|P0wer| - cnyé, .5
Area 2

THG intensity and ;((3) under the perfect phase-matching conditions can be written as:

The intensity per unit area is given by: therefore, the relationship between

40 2
160) = —————|x] 1@y’ (©)
(eny)™ -Ak” - g

where ny =n,;, @= 27-c , Ak = k(Bw) - 3k(w), and ;((3) can then be derived:
pump
(cng)* - Ak? - &,
2] = [ 1Ge) -~ = ()
4o° - 1(w)
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Although only the optimized phase-matching condition is considered in this paper for simplicity and easy understanding,
it is worth mentioning that the complete form of equation (4) including phase-mismatch can be written[52]:

2 : 2
_o" ) 3 2 | sin(Ak-1/2)
I(3w) = (cng)* -6y ‘Z ‘ H(w) -1 {—(Ak’l/z) } ®)

sin(Ak -1/2)

2
is the phase-matching term.
(Ak-1/2)

where / is the effective propagation length along the guide, and {

Therefore, values and parameters required in order to calculate ;((3) from equation (7) include: intensity of the coupled
fundamental pump mode (measured at the beginning the waveguide), intensity of the generated THG (measured at the
output of the waveguide), cross-sectional area of the coupled pump mode, wave numbers (k-vectors) for the coupled
fundamental pump mode, and the generated THG modes.

2.5 Methodology for experimental determination of Chi 3

The effective mode indices, mode spot size (1/e widths), and wave vectors (k) at the test pump wavelength can be are
determined numerically by applying finite element analysis (RSoft CAD Suite software) to the waveguide design. Our
model takes into account material dispersion as detailed in [53, 54]. Figure 4 shows the calculated effective indices
according to the mode profiles shown in figure 3a, and the corresponding wave number differences for both guide A and
guide B. The numerical accuracy of the simulation solutions of effective mode index was set to the 10th decimal place,
providing more than sufficient accuracy to calculate the derivatives for this analysis.
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Figure 4: (a) Effective refractive indices of pump beam and THG signal for sample A with open triangle (green) and solid
triangle (purple), respectively; effective indices of pump beam and THG signal for sample B with open diamond (blue)
and solid diamond (grey), respectively. (b) The resulting wave number differences with solid circles (black) for sample
A, and open square (red) for sample B.

To determine the true output intensity of the THG signal from the fiber coupled spectrometer measurements, we must
first calibrate the spectrometer to take into account efficiency of collection of light by the fiber in the back focal plane of
the output objective. To do this, a continuous wave (CW) He-Ne laser was directed onto a 10 gm pin hole. Light

emerging from the rear of the pin hole was then collected using exactly the same objective arrangement as used for the
THG experiments. The integrated area of the spectrum measured on the spectrometer is then normalized with a reading
taken from power meter (placed in the same position behind the objective). In this arrangement, the pin hole effectively
mimics the diffractive properties of the waveguide, but excludes inaccuracies which would otherwise be introduced by
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the presence of nonlinear effects or loss in the guide. As the spectrometer is pre-calibrated over all wavelengths, a single
wavelength calibration measurement is then sufficient to normalize the experimental data at other wavelengths.

In figure 3b, we see that the pump has been significantly broadened. This is due to a combination of self-phase
modulation and four-wave mixing. In order to calculate 7 precisely, independent from these effects, the power

contributed by fundamental residual pump (coupled at the waveguide input facet) within the output has to be separated
from the broadened spectral data (measured behind the objective at the output facet).

At experimental power levels (up to 2 mW) a single well defined Gaussian peak is observed at visible wavelengths
confirming that only the fundamental pump contribution to the broadened signal observed at IR wavelengths is
responsible for THG conversion to the visible. Side peaks in the IR signal induced by other nonlinear effects (such as
XPM and FWM) do not therefore contribute power to the THG process (otherwise multiple peaks would be observed in
the visible) and so power associated with these side peaks must be removed from the calculations.

Gaussian curve fitting techniques are used to determine the exact make up of contributory components in the observed
broadened IR spectra (measured by the same IR spectrometer after filtering out the visible output). In the case of simple
SPM induced at low pump power levels, a single Gaussian curve can be used to fit the resultant broadened IR spectra. In
the case of XPM and SPM induced at higher pump power levels, three or more Gaussians must be used to fit the
broadened IR spectra (exact number depends on the pump power level and the consequent amount of broadening).
Conversely the curve fitting analysis allows positive identification of exactly which non linear process contributes to the
broadened signal.

For simplicity, and by way of example figure 3 illustrates this process for the case where the fundamental IR pump is
broadened by SPM only and hence can be fitted by a single Gaussian curve. Once curve fitting is completed, the power
contribution to the THG process is given by the broadened residual pump signal corresponding to the highest amplitude
Gaussian, which will itself be broadened by process of SPM. We then normalize the intensities of the Gaussian fit to the
pump spectra (measured by the IR spectrometer before coupling into the waveguides) S, (dotted red line in Fig. 3b) and
the corresponding Gaussian fit to the residual pump contribution in the output spectra (measured by the same IR
spectrometer after filtering out the visible output) S, (solid black line in Fig. 3b) to the same level. We then calculate the
integral of the areas of the respective spectra for each input power, i.e. 4, and A4, are the corresponding integrated areas

of S, and S, shown in Fig. 3b, respectively.

A = J-S 1 (A)dA (after normalization)

4, = j S,(A)A (after normalization)

The ratio of 4, and A4, then indicates how much pump power actually contributes to THG ( Pryq ).

Hence by analysing the emergent residual pump spectra using the Gaussian fitting technique we can de-convolve the
proportion of coupled pump power which contributes to other competing nonlinear effects (and thus do not contribute to
THG) and the proportion of coupled pump power which does contribute directly to THG. In practice power
measurements are taken from power meter readings ( P, in Fig. 2) placed behind the objective (output coupling losses

can be assumed to be negligible).

A A
R="1 & Py;=—"1LP.
A2 THG A2 2

In order to remove ambiguities associated with waveguide input coupling efficiency, the actual coupled pump power at
the start of the waveguide was determined using known waveguide loss values to scale the obtained output power values
from the output ( Pry ). The waveguide loss was measured by cutback method to be -8.5 dB + 10% for sample A and -

4.5dB * 10% for sample B using identical waveguide samples from the neighbouring areas of the same wafer.
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Inserting the appropriate measured experimental and theoretically derived parameters into equation (7), we obtain the
;((3) values of Ta,0s planar waveguides. Before calculating ;((3) values, we must take the following into
considerations:

1) The analysis must be performed under perfect phase matching conditions (otherwise the value of THG intensity will

(3)

be an underestimate). In reality, phase matching may not necessarily be optimal, in which case the derived y*~ values

will be underestimated. We can ensure that phase matching is optimal (in accordance with Equ. 8) by tuning the pump
laser wavelength to maximize the intensity of the THG signal.

Theoretical modelling (figure 4) was used in combination with analysis of the image of the coupled mode spot shape (to
identify the actual coupled mode number) in order to examine the phase difference between pump and THG signals for
different sized guides. This revealed that the wave number difference ( Ak ) between pump and THG does not actually
change when the pump is coupled into guides of different widths. This is a clear indication of a self-selective process
inside the waveguides, which (provide the guide supports a sufficient number of modes) seems to always find the same
(optimal) phase matching conditions irrespective of waveguide width.

2) We note from Fig. 3b that the pump signal is broadened considerably during its transit along the guide, generating
strong side peaks due to four-wave mixing. These side peaks could themselves cause additional THG peaks giving rise to
triplets of peaks in the visible, in which case absolute power measurement and calculation of relative pump power
contribution becomes more complex. We therefore ensure that only power associate with the fundamental mode of the
incident pump beam contributes to the generation of a single THG peak by performing the analysis below the power
threshold level at which the THG signal becomes split into a triplet.

3) We assume that (as measured previously) the loss of all the waveguides is -8.5 dB with 10% error rate independent of
width.

4) Output coupling can be assumed to be perfect since the microscope objective is extremely close to the output facet,
such that all the output light is well coupled into the objective. All optical components are AR (anti-reflection) coated
specifically for IR wavelengths. There will be a small error in calculation of the visible THG signal power due to
coupling loss in the output collection optics. The waveguide losses have 10% error as indicated from previous

3

measurements. These two factors could introduce a combined error of ~+1.57761x107" esu to y® calculations,

which lead to ~ +2.27532x10™"  m? /W variation of the Kerr nonlinear coefficient ( n )

2.6 Chi 3 measurement results

To further reduce possible measurement errors, the full analysis was performed at two average pump power levels (1.5
mW and 2 mW). Table 1 shows the calculated nonlinear coefficients of each pump wavelength used in the corresponding
waveguide for the above average pump power levels. The values derived are corrected by taking into account the
polarization changes during the experiment.

Table 1: Calculated third-order nonlinear susceptibility of tantalum pentoxide waveguide samples

Guide A (2.5 um wide) %1071 esu
ﬂ’pump 1.5 mW 2 mW
1470 nm 0.98+0.21 1.42+021
1500 nm 0.80+0.23 1.02+0.23
1550 nm 2.13+0.57 1.87%0.57
1610 nm 475+ 1.58 5.74+1.58
Guide B (18 zm wide) x107" esu
A pump 1.5 mW 2mW
1495 nm 1.06 £ 0.21 0.96+0.21
1555 nm 4.23+0.90 4751 0.90
1610 nm 433+1.26 6.00% 1.26
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Figure 5: Calculated third-order nonlinear susceptibility of tantalum pentoxide waveguide samples. Sample A: solid triangle
(black) for 1.5mW and open triangle (red) for 2mW pump power; Sample B: solid square (green) for 1.5mW and open
square (blue) for 2mW pump power. Purple dotted line indicates the trend of third-order nonlinear susceptibility
changes with wavelength.

The average value for @ over the wavelength range 1470 to 1610nm is: ¥ ~ (2.673+£1.578)x10™"* esu. Hence, the
average value of the nonlinear Kerr coefficient is: n, = (3.773 % 2275107 m? /W =(3.773+2.275)x107"

cm? /W . This value is within the acceptance error range with the previously measured value at 800nm (7.23x10™"
m* /W) from SPM analysis[11]. It also shows that the value of nonlinear susceptibility of 7a,O;s is, as expected, in

between that of BK7 silica glasses ( 7 ~2.0x107'* esu) and titanium dioxides (Ti0,) (z® =1.5x107" esu)[10].

A key advantage of this method of measurement of y® is that the THG output is only dependent on y® of the
material. By analyzing the spectra and normalizing the fundamental pump contribution at the output as described above,

we can precisely calculate ;((3) with little difficulty in identifying and removing potential contributions from competing
effects such as FWM and SPM.

Our multi-wavelength analysis also allows analysis of ¥ dispersion, revealing a trend for the ¥ value of Ta,Os to
increase nolinearly with wavelength (figure 5). »© dispersion can be attributed to one-, two-, or three-photon
resonance which occurs through promotion of the most weakly bound outer shell electrons to higher (unfilled) energy
states [10]. From our data, the projected ;((3) resonance wavelength is around 1800 nm, which corresponds to a band
energy of 2.07 eV. For a three photon process, according to the studies of electronic structure of 7a,0s by Arranz et

al.[55] this energy transition is only possible for a three-photon resonance involving at least one of the following
electronic transitions: 4 f5,, > 5d(ty,),4 f5/2 > 5d(t2,), 5 p3jn > 5d(ty,), 5Py > 5d(ty,).

3. CONCLUSIONS

In conclusions, we have developed a complete theoretical and experimental approach for determining the third-order
nonlinear susceptibility ( 7 ) without the requirement for a second reference material based on measurement and
analysis of the frequency tripling effect (i.e. THG), and was applied to a Ta,05; waveguide material system.
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We have shown experimentally that THG can be generated over a relatively broad bandwidth (~140 nm) in our
waveguides. The nonlinear coefficient of 7a,0Os planar waveguides is derived from multi-wavelength analysis of THG

outputs. Values for the wavelength range 1470 to 1610 nm were determined to be from (7.7 +2.1)x107'* to
(6.00+1.26)x107"* esu with an average value of (2.673+1.578)x 107" esu. The results also give clear indication of
;((3) dispersion, where ;((3) values increase with pump wavelength for projected peak at wavelength of 1800 nm. We

propose that the y‘® enhancement is due to the three-photon resonance that involves the band gap transition of several
possible electrons of Ta,05[10, 55]. The large nonlinear coefficient of 7a,0Os could be useful for terahertz (THz)
spectroscopy[56, 57] and THz spectroscopy gas sensing[58].

Although applied to measurement of y‘® in this paper, our technique and experimental setup is equally suited to

measurement of second order susceptibility ( 7‘*) and analysis of other nonlinear effects, such as the sum-difference
frequency generation, SPM, FWM, and cross-phase modulation (XPM).

This technique is suitable for studying and further understanding of the nonlinear effects in 7a,0s or other materials

(e.g. Si, As,S;,and TiO, ) based planar devices such as planar waveguides and photonic crystal slabs. The high value

of ;((3) and good optical properties of our Ta205 waveguides makes them highly suited for applications as a low
spectral noise, wide bandwidth supercontinuum (SC) source. With further optimization of fabrication processes we
anticipate that we can reduce the loss to -4 dB/cm in which case nanowire waveguides with a cross-section of 200 nm by
100 nm would achieve similar bandwidths from a low cost, small footprint VECSEL[7] pump source.
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