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Abstract: All-optical modulation based on degenerate and non-degenerate
two-photon absorption (TPA) is demonstrated within a hydrogenated amor-
phous silicon core optical fiber. The nonlinear absorption strength is
determined by comparing the results of pump-probe experiments with
numerical simulations of the coupled propagation equations. Subpicosec-
ond modulation is achieved with an extinction ratio of more than 4dB at
telecommunications wavel engths, indicating the potential for these fibersto
find use in high speed signal processing applications.
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1. Introduction

Hydrogenated amorphous silicon (a-Si:H) isemerging asan increasingly promising material for
photonics applications as it offers simple and flexible fabrication and possesses a large optical
nonlinearity [1]. To date, a number of important photonic functions have been demonstrated in
aSi:H waveguides on-chip including all-optical modulation [2, 3], photon pair generation [4],
and parametric amplification [5]. The ability to incorporate silicon materials into the optical
fiber geometry not only provides a route towards integrating such devices within existing fiber
networks [6, 7], but also opens up the potential for the waveguiding properties of the devicesto
be manipulated in ways not possible on-chip [8,9]. Assuch, a-Si:H core fibers can be expected
to offer new capabilities in future generations of semiconductor photonic devices.

Previousinvestigationsin amorphous silicon corefibers have shown that it is possible to opti-
cally modulate light guided in the core at MHz frequencies viathe plasmadispersion effect [ 10].
Unfortunately such carrier-injection modulation schemes, whether excited optically or via an
external current, are limited in response speed and the free-carrier lifetime which typicaly
ranges from hundreds of picoseconds in nanoscale silicon wires, to hundreds of nanoseconds
in micron-sized waveguides. However, cross-absorption modulation (XAM) schemes based
on two photon absorption (TPA) have been demonstrated which alow for high speed oper-
ation [11]. In this process, a high intensity pump pulse is co-propagated with a weak probe
through the silicon waveguide. Provided that the sum of the photon energies is greater than
the bandgap energy of silicon, one photon from the pump and another from the probe can be
absorbed by means of phonon assisted TPA. As a result, photons are removed from the probe
so that the modulation is an inversion of the pump pulse.

In this paper, we investigate XAM in alow loss a-Si:H core fiber to demonstrate its use for
ultrafast all-optical modulation. The void-free semiconductor core fiber was fabricated using
a high pressure microfluidic chemical deposition technique in which a mixture of silane and
helium (SiH4/He) was configured to flow down a silica capillary whilst being heated in a fur-
nace [6]. By keeping the deposition temperatures below 450°C, the dissociation of hydrogen
from the precursor is not complete so that some remains in the core to passivate the dangling
bonds, greatly reducing the optical transmission loss. It is important to note that the a-Si:H
fiber core material deposited using this method differs from that of the on-chip waveguides fab-
ricated via plasma enhanced chemical vapor deposition in terms of the hydrogen content, and
thus can be expected to exhibit different nonlinear parameters [1, 12]. A series of pump-probe
measurements were undertaken to determine the degenerate and non-degenerate TPA parame-
ters and to characterize the response time of the nonlinear absorption. The values obtained by
fitting the results with simulations based on a set of coupled propagation equations are in good
agreement with previous reports for a-Si:H waveguides on-chip. To complete our experiments,
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we demonstrate the modulation of a continuous wave (CW) probe using non-degenerate TPA
and discuss the effects of free-carrier absorption (FCA) on the overall device performance.

2. Theory

Since we are primarily concerned with the temporal characteristics induced on the probe via
the XAM process, it is convenient to use asimplified pul se propagation model that accounts for
the rate of change in the carrier density but neglects the effects of spectral modulation. Under
these conditions, the coupled equations for the input fields and the carrier density are [13]:
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Equation (1a) describes the propagation of a weak probe field amplitude Ax(t,z), where oy »
is the linear transmission loss at the probe wavelength, orca isthe FCA coefficient, N(t,z) is
the free-carrier density, Bp, isthe non-degenerate TPA coefficient, and I1(t, z) is the intensity
profile of the pump. The evolution of the pump is described by Eq. (1b) where o 1 isthe linear
transmission loss at the pump wavelength and Brpa is the degenerate TPA coefficient. In these
equations we have assumed that the probe is so weak that it does not induce any nonlinear
effects and that the value of orca is constant for the closely spaced wavelengths of the pump
and probe. Finaly, the time varying TPA-induced free-carrier density N(t, z) is determined by
the rate equation Eq. (1¢) where h is Planck’s constant, v; is the pump frequency, and 7 is
the carrier lifetime. We solve this set of equations for two different scenarios as investigated
experimentally in the following section. The first assumes a strong pump and weak probe, both
of which are at A1 ~ 1540nm so that Brps = Prea, i.€., adegenerate TPA process with Brea
the only free parameter. The second scenario involves apump at A1 ~ 1540nm and weak probe
signal at A, ~ 1570nm, where f1p, isnow the free parameter.

3. Experiment and Characterization

The setup for the degenerate TPA experiment isillustrated in Fig. 1(a). A 650fs, 40MHz mode-
locked fiber laser operating at 1540nm was split into a high power pump pulse (~ 250W cou-
pled peak power) and aweak probe pulse (~ 10mW coupled peak power). The probe is mod-
ulated using an optical chopper so that alock-in amplifier (LA) could be used to discriminate
between the pump and probe signal. The delay line varies the temporal spacing between the
probe and pump where an autocorrelator (AC) allows real-time view of the overlap between
the two pulses. The a-Si:H core fiber used in these experiments was similar to that used in our
previous nonlinear transmission measurements [12], with a core diameter of 5.6um, alength
of 2cm and a linear loss of 1.7dB/cm at 1540nm. The pulses were coupled into, and out of
the core using two 40x objective lenses with a numerical aperture of 0.65. The absorption of
the probe as a function of delay is plotted in Fig. 1(b). This curve clearly shows the ultrafast
response due to TPA, following which arapid recovery occurs due to carrier relaxation (on the
order of hundreds of femtoseconds) before slower recombination mechanisms take place [2, 3].
This slow recovery due to FCA results in the depressed floor relative to the negative delay
times and from this we can estimate a free carrier density of N ~ 0.6 x 1022 m~3 [14]. Solving
Egs. (1a)—(1c) with orca = 1 x 107 16cm? [12] and 7 ~ 100ns [15] we obtain a good fit for
Brea ~ 0.8cm/GW, as shown by the solid linein Fig. 1(b). Thisvalue of the TPA parameter isin
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Fig. 1. (a) Degenerate TPA experiment. AC Autocorrelator, PD Photodiode, LA Lock-in
amplifier, FD Frequency driver. (b) Measured degenerate absorption (blue crosses) together
with the simulated fit (black line).

excellent agreement with our previous estimates using nonlinear absorption measurements [12]
and with those reported for aSi:H waveguides on-chip [1, 16]. The subpicosecond absorption
within the probe pulse has awidth of ~ 800fs, which is only slightly broader than the original
650fs pump, and exhibits an extinction ratio of ~ 4.5dB.

To investigate non-degenerate TPA, the experimental setup was modified to generate aweak
probe at a wavelength shifted from the pump as shown in Fig. 2(a). Here the pulses that prop-
agate through the highly nonlinear fiber (HNLF) experience strong spectral broadening and
the output is filtered by a bandwidth variable tunable filter (BVF) to select the desired wave-
length. A minimum probe pulse width of 1ps is achieved by maximizing the bandwidth of
the filter centered at 1570nm. After propagation through the a-Si:H fiber the pump and probe
were separated using a blazed diffraction grating and a pinhole was positioned to isolate the
1570nm probe. The non-degenerate absorption curves are plotted in Fig. 2(b) for three differ-
ent pump powers, aslabeled in the legend. We obtain a good fit for al the selected powers with
Btpa ~ 0.49cm/GW at 1570nm. This estimated value is slightly lower than that obtained for
the degenerate TPA parameter due to the lower photon energy of the probe, as predicted by the
two-parabolic band model [17]. Again, from the levels of the depressed floors we can estimate
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X__60W Pump
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0—10 -5 0 10
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Fig. 2. (4) Non-degenerate TPA experiment. HNLF Highly nonlinear fiber, BV F Bandwidth
variable tunable filter. (b) Measured non-degenerate absorption (crosses) as a function of
pump power together with the simulated fits (solid lines).
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the carrier densitiesasN ~ 1.1 x 1022 m=3, 0.7 x 102 m~—23, and 0.4 x 10?2 m~3, for the highest
to lowest pump powers, respectively. Compared to the degenerate experiment, there is almost
twice the number of carriers generated in the non-degenerate case for the 250W pump, whilst
a similar number are generated for the lower pump powers. We also note that for the higher
pump powers, an elongated carrier relaxation feature can be seen that is not reproduced by the
simulations. At this stage the precise cause of this elongation is not known, though it could
be due in part to the difference in the pump-probe pulse widths and/or the generated carrier
densities, and further investigations are currently ongoing. The modulated absorption width is
estimated to be ~ 1.1ps, indicating only a minor tempora broadening relative to the incident
probe pulse, and the measured extinction ratio for a pump peak power of 250W is ~ 3.5dB.
This observed reduction in the extinction ratio, relative to the degenerate experiment, can be
primarily attributed to the lower value of the non-degenerate TPA parameter. Thus, as firp, IS
predicted to increase for a decreasing probe wavelength [17], we expect that larger modulation
depths could be obtained by simply using a shorter probe wavelength. By measuring the band
edge of our aSi:H material it should be possible to obtain an accurate estimate for the TPA
cutoff, allowing for the extinction ratio to be optimized.

1570nm 1570nm

Fig. 3. Non-degenerate TPA experiment for a CW probe.

As a final experiment we demonstrate ultrafast XAM of a weak CW signal via non-
degenerate TPA as illustrated in Fig. 3. Here the probe source is a laser diode operating at
1570nm and the coupled input power is ~ 500 uW. The impulse response of the pump and
the filtered probe, as measured on a bandwidth-limited 30GHz RF oscilloscope are shown in
Fig. 4(a), where the modulated probe appears as an inverted imprint of the pump. Although,
it is not possible to characterize this low power dark pulse using nonlinear pulse measurement
techniques such as autocorrelation and frequency-resolved optical gating (FROG), following
our pump-probe measurements we can estimate the response time to be on the order of the
650fs pump width. Again it is clear from the depressed floor following the modulation that
there is a slow recovery due to FCA. Expanding the time scale in Fig. 4(b) it is evident that
the material recovery is on a similar time scale to the repetition rate of the pump, which will
ultimately limit the operation speed. An exponential fit to the decay curve reveals a lifetime
of ~ 87ns, as expected for amicron sized silicon core. For high bit rate applications, this life-
time could be reduced by using smaller core fibers, which have alarger surface defect density,
and values as low as 7 ~ 400ps have been measured in a nanoscal e waveguide with a a-Si:H
core [3]. Importantly, previous experiments in nanoscal e waveguides have shown that it is pos-
sible to reduce the lifetime to a level that minimizes the extent of the lowered floor following
the modulation so that the operation speed is no longer limited by FCA [11]. In addition, the
tighter mode confinement offered by the smaller core sizeswill also allow for the pump powers
to be reduced to levels more commonly employed in telecommunication networks.
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Fig. 4. (8) Impulse response of pump pulse and modulated probe. (b) Carrier relaxation
where the fitted (red) curve reveals T ~ 87ns.

4, Conclusion

We have characterized the degenerate and non-degenerate TPA parameters in a hydrogenated
amorphous silicon core fiber using pump-probe experiments. The results obtained are in good
agreement with previous reports for silicon waveguides on-chip and demonstrate the potential
for these fibers to find use in ultrafast modulation or switching schemes [13]. XAM of aweak
CW probe has indicated that the modulation rate is currently limited by the relatively long
carrier lifetime in the micron sized core. By reducing the core size, these fibers should be
capable of operating at the high bit rates necessary for telecommunications applications.
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