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Dynamics of Nonlinear Optical Losses in Silicon-Rich

Nitride Nano-Waveguides

Dmitrii Belogolovskii,* Yeshaiahu Fainman, and Nikola Alic

Free carrier absorption (FCA) is established to be the cause of nonlinear losses
in plasma-enhanced chemical vapor deposition (PECVD) silicon-rich nitride
(SRN) waveguides. To validate this hypothesis, a photo-induced current is
measured in SRN thin films with refractive indices varying between 2.5 and
3.15 when a C-band laser light is illuminating the SRN films at various
powers, indicating the generation of free carriers. Furthermore, nonlinear loss
dynamics is, for the first time, measured and characterized in detail in SRN
waveguides by utilizing high peak power C-band complex shape optical pulses
for estimation of free carrier generation (FCG) and free carrier recombination
(FCR) lifetimes and their dynamics. Both FCG and FCR are found to decrease
with an increase in the refractive index of SRN, and, specifically, the FCR

deposition and post-processing parameters.
Specifically, changing these parameters al-
lows optimization of the refractive index,
optical nonlinearities, optical losses (includ-
ing nonlinear optical losses), and optical
transparency window, and thereby maxi-
mizing the efficiency of the SRN nonlin-
ear response such as, for example, wave
mixing.['] Another beneficial property of
SRN is its larger refractive index, allow-
ing the light to be confined tighter in a
waveguide, which is crucial for nonlin-
ear wave mixing as it reduces the waveg-
uide’s effective mode area, thus, improv-

lifetimes are found (92 + 7) ns, (39 + 3) ns, and (31 + 2) ns for the SRN
indices of 2.7, 3, and 3.15, respectively. Lastly, nonlinear losses in high
refractive index SRN waveguides are demonstrated to be minimized and
altogether avoided when the pulse duration reduced below the free carrier
generation lifetime, thus providing a way of taking a full advantage of the

large inherent SRN nonlinear properties.

1. Introduction

Silicon-rich nitride (SRN) on insulator is a promising integrated
photonics platform for nonlinear optics due to its large opti-
cal nonlinear response, which increases with higher concen-
tration of Si.l!l Specifically, the third order susceptibility y,
of SRN grown by plasma-enhanced chemical vapor deposition
(PECVD) with a refractive index of 3.2 (at 1550 nm) is around
12.6 X 1071 m? V=2, which is about four times larger than that of
crystalline silicon (c-Si).[!! A particularly remarkable property of
SRN is the ability to change its linear and nonlinear optical prop-
erties in a wide range by changing Si content in SRN thin film
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ing the overlap between the mode and
nonlinear media. Indeed, the aforemen-
tioned set of circumstances enables ef-
ficient nonlinear processes in SRN de-
vices such as four-wave mixing (FWM),!1:2]
supercontinuum generation,[“*! DC Kerr
effect,’] nonlinear Kerr switching,®! inter-
modal frequency generation,®) second har-
monic generation.['” Another advantage of
the SRN platform is a relatively large electric
field breakdown of around 100 V um~1,7] much larger than that
of ¢-Si, around 40 V um=".1"I It increases the efficiency of the
devices that require application of strong electric field, such as
electric field induced second harmonic generator (EFISHG) or
linearized Kerr effect electro-optic modulator. Such devices were
demonstrated on the ¢-Si and Si; N, platforms,[*1-13] and they are
yet to be demonstrated on the SRN platform. Additionally, the
thermo-optic coefficient of SRN also increases for higher refrac-
tive indices,**! which led to demonstrations of efficient thermo-
optic SRN devices such as bi-stable optical switcher,'>] thermo-
optic phase shifter,['] and optical phased array,!'”] to name a few.

On the other hand, the seemingly outstanding potential for
nonlinear optics applications of SRN is quenched by the existence
of nonlinear optical losses that have been observed and described
in SRN in our prior work.l!l Indeed, nonlinear losses in SRN
were reported in multiple instances, and it was suggested that
these are due to the two-photon absorption (TPA) process.[1819]
However, there are several mechanisms that can be the cause
of nonlinear losses in optical waveguides, including TPA (and
multi-photon absorption in general),'8] free carrier absorption
(FCA),2% stimulated Brillouin scattering (SBS),/2??] stimulated
Raman scattering (SRS),[2}! self-phase modulation (SPM),[24%]
cross-phase modulation (XPM),¢l FWM, 2l and others. In
fact, the effects that can give rise to nonlinear losses are distin-
guishable by the particular way they affect light propagation in
waveguides. For instance, all the mentioned processes have very

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

different generation and relaxation dynamics, with TPA being
characterized as ultra-fast, due to its dynamics being only lim-
ited by electron transition times, thus allowing it to be observed
even when short femtosecond optical pulses are utilized.[*’]
Conversely, nonlinear processes such as SPM, XPM, and FWM
induce a spectral change in a propagating optical signal, hence
their contribution can be confirmed by changes in the optical
spectrum of the transmitted or reflected light.[122*261 On the
other hand, FCA can have very diverse dynamics depending on
the material properties, waveguide geometry, and optical power,
owing to the variety of different mechanisms of the free carrier
generation and recombination processes. Specifically, Auger,
Shockley—Read-Hall (nonradiative), radiative, surface recom-
bination processes are responsible for free carrier absorption,
while TPA and defects (with energy states in a bandgap serving
as recombination-generation (R-G) centers) are responsible for
free carrier generation,[2%25-30] affecting the FCA dynamics sub-
stantially. In addition, it is important to emphasize that FCA does
not lead to any spectral change of a propagating optical signal at
a given optical frequency/wavelength, making it impossible to
Dbe identified by a mere measurement of the signal transmission
spectrum.!?] Therefore, it can be problematic, at best, to confirm
that any observed nonlinear loss is caused by FCA. Nonetheless,
there are different ways to identify this loss mechanism. For
example, the latter can be accomplished by measuring the loss
dependence on the wavelength of light and comparing it to the
predictions of the Drude model,3'3] which specifically predicts
higher losses for longer wavelengths. Alternatively, FCA dynam-
ics can be characterized to estimate the recombination lifetime to
determine the presence of particular recombination mechanisms
such as Auger, or Shockley—Read-Hall recombination.[*34 In
fact, FCA is commonly observed in c-Si and amorphous silicon
(a-Si) waveguides in C-band. Here TPA generates free carriers,
leading to nonlinear optical losses that limit applications of Si
in nonlinear optics.[3*3>-3] In addition, we previously observed
nonlinear losses in SRN waveguides with refractive indices larger
than 2.7 in C-band for the continuous wave (CW) operation.[!]
However, we established that such losses are not caused by TPA
as demonstrated by the observation of linear transmission of
high peak power short optical pulses (5 W, 200 fs) at the repeti-
tion period of 100 ns.ll Those results clearly established that the
cause of the losses had a generation lifetime longer than 200 fs.
We also determined that such losses cannot be due to SBS, SRS,
SPM, XPM, FWM nonlinear processes mentioned above.[!]

In this manuscript, we conduct a comprehensive investigation
into the cause of the nonlinear losses observed in PECVD SRN
waveguides and present detailed results on their dynamics. Fur-
thermore, we provide evidence that the observed nonlinear op-
tical losses in our SRN waveguides are caused by FCA. Specifi-
cally, we measured electrical current in SRN thin films across a
range of refractive indices from 2.5 to 3.2 to determine the pres-
ence of free carriers. During the measurements, C-band laser
light was incident on the films while a DC electric field was ap-
plied. In this setup, indeed, we observed a photo-induced current
(photocurrent), which was found to increase exponentially with
the SRN waveguide refractive index, indicating the generation of
free carriers under light illumination. This finding, to the best
of our knowledge, is a novel result. In addition, we introduce a
novel approach for measuring both generation and recombina-
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tion dynamics of the nonlinear losses induced by FCA in SRN
waveguides. This approach is based on a single complex shape
optical signal pulse source, as opposed to the common pump-
probe approach where both optical pump pulse and signal are
used.** Notably, free carrier generation and recombination dy-
namics were characterized for various SRN waveguides across a
range of refractive indices and optical powers, and the new find-
ing reveals that as the SRN refractive index increases, both gener-
ation and recombination lifetimes decrease. Most importantly, it
was demonstrated that nonlinear losses can be minimized or al-
together avoided by utilizing optical pulses shorter than the gen-
eration lifetime, while ensuring that the repetition period of the
pulses is longer than the recombination lifetime. Thus, this ap-
proach enables the exploitation of the large nonlinear properties
of SRN while avoiding nonlinear losses. Here we also want to
note that our PECVD SRN deposition recipe is unique to our
group, therefore the obtained results may be different for various
SRN preparation methods (such as low-pressure chemical vapor
deposition (LPCVD), inductively coupled plasma chemical vapor
deposition (ICPCVD), PECVD, etc.) and specific recipes used by
other research groups.

The manuscript is organized as follows: The photocurrent ex-
periment conducted in SRN thin films is analyzed and described
in Section 2, characterization and analysis of the nonlinear loss
dynamics observed in SRN waveguides is presented in Section 3,
whereas the discussion of the findings and conclusions are sum-
marized in Section 4.

2. Photo-Induced Current in SRN Thin Films

2.1. Fabrication and Setup

The primary purpose of this section is to demonstrate that the
observed nonlinear optical losses in SRN waveguides in C-band
are caused by FCA due to photo-induced free carriers generated
in SRN. Indeed, in this case photocurrent ought to be observed in
a high refractive index SRN thin film when C-band laser light is
incident on the film, due to the generated free carriers. Further-
more, a proper approach should consist of measuring the pho-
tocurrent in SRN film samples with varying refractive indices in
order to ensure that the photocurrent increases with the refrac-
tive index, similarly to the trend observed in the associated non-
linear optical losses in SRN waveguides. With that objective, five
different SRN film samples with different indices (2.5, 2.65, 2.85,
2.95, and 3.15) were fabricated and characterized. In particular,
Figure 1a,b demonstrate two different fabrication flows imple-
mented for our SRN samples. Specifically, in the first approach
described in Figure 1a, a Heidelberg MLA 150 photolithography
equipment was used to expose an electrode pattern, followed by
Au sputtering in a Denton 635 sputter system, after which the
lift-off was implemented in a Remover PG. Finally, SRN thin
film and SiO, cladding were deposited in an Oxford Plasmalab
PECVD system on the top of the sample. Note that for SRN de-
position, the pressure was 650 mTorr, chamber temperature was
350 °C, high frequency (HF) power was 20 W, the precursor gases
were SiH, with N,. The ratio of the gases was altered to control
the refractive index of the deposited SRN film. For greater de-
tails, we refer to our previous work, where we plot a refractive
index as a function of the gases ratio (Figure 1).[!] It is also worth

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

AsUQDIT suowwo)) aanear) afqesrjdde oy £q paurdAoS are sa[o1IE Y {asN JO SA[NI 10J AIRIqIT AUIUQ AI[IAL UO (SUONIPUOD-PUB-SULIA)/ WO Ad[Im  ATeIqI[aur[uo//:sdny) suonipuoy) pue swid ], 9yl 23S *[+707/11/S0] uo Areiqr auruQ Ko[ipy © uewure] nyereysa X £q 66 10420T WOPL/ZO0 1 (1/10p/wod Ka[im’Areqrjaurjuo//:sdny woiy papeojumo( 0 ‘1L01S612



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

www.advopticalmat.de

Sio,

SiO,

Laser

(d) SM Fiber 1

2

MM Fiber

Power
meter

Figure 1. Schematic of a fabricated SRN sample with electrodes where a) SRN thin film was deposited on Au electrodes, b) SRN thin film was deposited
on SiO, substrate, then Au electrodes were fabricated on top of SRN film; c) image of electrode tips fabricated on SRN film, the electrode gap is 20 um;
d) setup for photocurrent measurement depicting a sample with electrodes (grey) attached, SM fiber patch cable (yellow) with a bare fiber (blue) on the
left to couple light onto the sample surface (green arrow), and MM fiber patch cable with a MM bare fiber on the right to couple light out.

mentioning that covers were placed on the top of the samples,
specifically in the electrode pads’ locations, to protect them from
SRN and SiO, cladding deposition. This allowed electrode probes
to be attached to the corresponding pads, enabling the applica-
tion of a DC electric field. Notably, the fabrication flow shown in
Figure 1a simplified the fabrication process. Indeed, the adopted
approach made possible to use the same dose and defocus of the
photolithography process, regardless of an SRN thin film refrac-
tive index and its thickness, since the film was deposited after the
photolithography exposure of an electrode pattern. Note that an
optimal dose and defocus would be different for each SRN index
if the photolithography was done after SRN thin film deposition.
Furthermore, the gap between the electrode tips (electrode gap)
was varied in size between 12, 15, and 20 pm to diversify the pho-
tocurrent measurement results not to rely on a single measure-
ment per sample. Meanwhile, the electrode length was 50 um for
all samples. The electrode gaps were intentionally made small to
enhance the applied DC electric field and, thus, to increase the
photocurrent, which was expected to be small in the first place.
The thicknesses of electrodes and SRN films were designed to be
about 700 nm-thick enough to generate the detectable photocur-
rent, while avoiding thin film cracking due to stress. Additionally,
an alternative fabrication approach, shown in Figure 1b, was im-
plemented to specifically demonstrate the effect of rapid thermal
annealing (RTA) on the photocurrent in the fabricated SRN sam-
ples (as detailed in Section 2.2). In fact, it was found critical to
anneal SRN deposited on a SiO, substrate before fabricating the
electrodes, since otherwise the electrode tips would bump into
each other after annealing, as a consequence of SRN films being
compressed during the annealing at high temperatures. In the
adopted approach, the photocurrent is still generated in an SRN
film even with the presence of SiO, between the electrode tips,
since the DC electric field permeates the material underneath the
electrodes, where there is a contact with an SRN thin film. The
electrode gaps and SRN thin film thicknesses for the annealed
samples (from Figure 1b) were consistent with those described
in Figure 1la, while the thickness of Au electrodes was 400 nm.
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Finally, Figure 1c shows a microscope image of the electrode tips
for the approach presented in Figure 1b.

The setup used to characterize the photocurrent as a function
of the SRN index is shown in Figure 1d. A laser (Agilent 81980A),
emitting at 1540 nm, was used to illuminate the sample and gen-
erate the free carriers. The light was coupled to a single mode
(SM) patch cable (mode field diameter ~10 um) with a bare fiber
tip pointing toward the SRN sample. Since the gap between the
fiber tip and the sample surface was on the order of 10 ym, a beam
divergence could be neglected since the Rayleigh length was es-
timated at 50 pm. Therefore, the beam size was maintained at
~10 pm, as was necessary to fit the SRN aperture located between
the electrode tips. At the opposite end of the SRN sample, light
was collected by a multi-mode (MM) 50 um core fiber which facil-
itated the alignment of the SM fiber relative to the SRN aperture
and, thus, maximization of measured photocurrent. A Keithley
2400 source meter was used to apply the DC electric field across
the SRN film and measure the generated photocurrent, wherein
needle electrodes, connected to the source, were attached to the
electrode pads deposited on the SRN samples. The fibers, sam-
ples, needle electrodes were placed on positioning stages to allow
accurate alignment of all the components.

2.2. Experimental Results

DC voltage of 210 V was applied to the electrode pads to generate
and measure the electric current in the SRN samples. Notably, a
non-negligible current was observed in the SRN samples even in
the absence of laser light. However, a markedly stronger current
was detected when the laser was engaged (its power was set to
14 dBm), indicating a presence of strong photocurrent. Under
the described conditions it is natural to introduce a total current
I, consisting of a sum of the current when there is no light I, and
the photocurrent I,,, when the sample is exposed to laser light,
such that:

I=1,+]1, (1)
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Figure 2. a) Current as a function of an SRN refractive index at 210 V DC.
Dashed lines represent the total current | when 14 dBm of power is on
(Light on), while solid lines represent the current when there is no light
ly (Light off), blue is for the electrode gap of 20 um, orange is for 12 um;
b) total current as a function of an SRN refractive index for the electrode
gap of 12 um (dashed orange line from (a)) fitted by a linear function in
Wolfram Mathematica.

Figure 2a shows I and I, measured as a function of an SRN
refractive index when the DC voltage of 210 V was applied to the
electrodes having the gaps of 20 and 12 um. It is apparent that
the current dependence on the SRN index is exponential (i.e.,
linear in the semi-logarithmic scale) for both electrode gaps,
indicating a significant increase in the free carrier concentration
in SRN films with a higher index. Note that the experiment
was conducted in a dark room to minimize current generation
from the ambient light. In particular, Figure 2b demonstrates
the total current as a function of an SRN refractive index for the
electrode gap of 12 um fitted by a linear function in Wolfram
Mathematica. Based on the fitting, we derived the following
formulae for the total current dependence on the SRN refrac-
tive index: [ = 10~ (18914947103 for the gap of 20 um, and
[ = 10-197£14+(75205)m for the gap of 12 um, where n, is the
SRN refractive index, and the presented error bars are based
on 95% confidence intervals. As can be observed in Figure 2a,
overall, a stronger current is generated when the electrode gap
is smaller due to the consequent larger electric field between
the electrodes’ tips, as dictated by the Ohm’s law. This also
demonstrates why it was important to keep the SRN area be-
tween the electrodes as small as possible—namely to increase
the generated photocurrent so that it can be detected even at
lower refractive indices of SRN.
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Figure 3. Photocurrent Iph as a function of optical power at 210 V DC
applied for a) SRN indices of 3.15 (blue) and 2.95 (orange), b) as-grown
SRN film with refractive index of 2.95 (blue) and annealed one at 800 °C
(orange). The data was fitted by a linear trend in Wolfram Mathematica.

Notably, both I, and I,,, appear to be negligible for the lowest
SRN index of 2.5. This observation agrees well with the premise
that the nonlinear losses observed in SRN waveguides are due to
FCA, since the nonlinear losses were not observed in SRN with
the index of 2.5, which was demonstrated in our previous work,!!]
and will be further elaborated on in the current manuscript in the
next section. It suffices to note at this point that the largest pho-
tocurrent was observed in the sample with the highest SRN re-
fractive index of 3.15, matching the equivalent result for the non-
linear losses observed in SRN waveguides. Needless to say, the
observed behavior strongly implies free carrier generation by the
incident light. The generated carriers, in turn, absorb the light,
subsequently causing nonlinear losses in SRN waveguides.

We also rigorously measured the photocurrent I, (defined
as I — I,) as a function of optical power in the fabricated SRN
samples to determine if it follows a linear trend. The measured
curves, fitted by a linear trend in Wolfram Mathematica, are
shown in Figure 3a for SRN indices of 3.15 and 2.95 with 210 V
of DC voltage applied for the 12 um electrode gap. It can be seen
that photocurrent observed in the SRN sample with the index of
3.15 exceeds that measured in the sample with the index of 2.95
for any optical power. Interestingly, it starts growing at a faster
rate (at the power of around 15 dBm) than predicted by the linear
dependence. The observed rise in photocurrent ultimately leads
to electric field breakdown at higher optical power. On the other
hand, the SRN sample with the index of 2.95 clearly exhibits a
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linear dependence of the measured photocurrent, even for higher
optical powers. More importantly, no voltage breakdown was ob-
served in the second sample with the refractive index of 2.95, nor
has it been observed in any samples with a refractive index lower
than 2.95. Overall, the photocurrent is consistently larger for a
higher SRN refractive index at any optical power used.

As for the origin of the observed trend, it is well-known that
SRN with a higher refractive index contains more Si and hydro-
gen (H).[!l In fact, the latter is due to the silane SiH, gas used
in PECVD SRN deposition. Specifically, since the measured pho-
tocurrent increases with the SRN sample refractive index, it is
crucial to understand whether the increase in Si, H, or both-
related defects or impurities are responsible for the observed in-
crease of the photocurrent. Accordingly, with the purpose of de-
termining the effect of Si/H defects or impurities on the pho-
tocurrent, we fabricated two identical SRN samples with the in-
dex 0f2.95 following the approach depicted in Figure 1b, then im-
plemented RTA at 800 °C for 2 min for one sample with the aim
of reducing the defect density.?®*1 As a result of the described
annealing process, we observed an increase in the sample’s re-
fractive index to 3.15, as a consequence of the increased concen-
tration of Si and density of the film. We subsequently measured
the photocurrent in the pair of samples (i.e., in an as-grown SRN
film and the annealed sample), and it was confirmed that RTA in-
deed did reduce the photocurrent measured in the corresponding
SRN samples with various electrode gaps (12, 15, and 20 um).
The photocurrent was once again captured for this set of sam-
ples as a function of optical power. The results are presented in
Figure 3D, and, similarly, the photocurrent in the as-grown sam-
ple was found to consistently exceed that in the annealed one,
despite the fact that the refractive index of the latter was much
higher. Therefore, it is straightforward to conclude that RTA at
800 °C for 2 min of SRN results in a reduction of the photocur-
rent. Since annealing is known to reduce the defect density,[8-40]
we hypothesize that the photocurrent is caused by the defects
presentin SRN samples. On the other hand, the fact that the pho-
tocurrent remains relatively large even in the annealed samples
implies that either the remaining defects and impurities cause
the photocurrent, or there is some other mechanism that may
be responsible for carrier generation. In any event, the detailed
study of defects and impurities present in SRN, while necessary
for full comprehension, is beyond the scope of this manuscript.

3. Nonlinear Loss Dynamics in SRN Waveguides

3.1. Fabrication and Setup

Having established FCA to be the main cause of the nonlinear
optical losses in SRN waveguides, we set out to rigorously char-
acterize its dynamics and measure both the associated free carrier
generation and recombination lifetimes. For reference, it should
be noted that in our previous work,!!! we have determined that
TPA is absent in the fabricated SRN waveguides at the power lev-
els where the nonlinear losses are observed. This consideration
also indicates that the cause of free carrier generation is related
to the defects present in SRN films (as supported by the experi-
mental results in Section 2 above). Therefore, given that larger
nonlinear losses were observed in higher refractive indices of
SRN waveguides,!!! a reduction of carrier generation and recom-
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bination lifetimes is anticipated due to the increase in the defect
density. Moreover, it should be possible to avoid nonlinear losses
altogether by using optical pulses shorter than the generation
lifetime, provided that the pulse repetition period is longer than
the recombination lifetime to avoid carrier accumulation and fa-
cilitate the carrier recombination process. To strictly determine
whether these statements indeed hold true, we assembled the
setup presented in Figure 4a, which allowed us to characterize
the dynamics of the optical pulse transmission in SRN waveg-
uides. In the setup shown in Figure 4a, a 12.5 Gb s7! N4903A
pattern generator from Agilent Technologies (generally known as
aJ-BERT) was used to generate an electrical pulse pattern to drive
a 40 GHz lithium niobate intensity modulator, which was used
to shape optical pulses by modulating a 1540 nm optical signal
emitted by an Agilent 81980A CW laser, after a transverse electric
(TE) polarization was set by polarization controllers. A C-band
erbium-doped fiber amplifier (EDFA) was used to amplify the op-
tical pulse stream, whereas an optical isolator was placed imme-
diately after the amplifier to prevent the high peak power pulse
back reflection into the EDFA. Next, a beam splitter was used to
direct —20 dB of the optical pulse power to an HP 83485B 30 GHz
optical detector for monitoring on an 83480A digital communica-
tions analyzer (DCA) from Hewlett Packard, used as a sampling
oscilloscope. The rest of the optical pulse power was coupled to
the SRN waveguide under test (the cross-section presented in
Figure 4b), after a TE mode was set by polarization controllers.
Finally, —10 dB of a transmitted optical pulse was coupled to an
optical power meter to measure average transmitted power, while
the rest was coupled to an 83440D 32 GHz lightwave detector
from Agilent, connected to the sampling oscilloscope to capture
and characterize the dynamics of transmitted optical pulses.
The probing (signal) optical pulse (observed on the oscillo-
scope) had a rise time of about 50 ps and was limited by the
rise times of the pattern generator, the sampling oscilloscope,
and the 32 GHz photodetector. Consequently, the specified pulse
duration allowed reliable measurements of the carrier genera-
tion lifetime as short as 50 ps. On the other hand, the maximum
repetition pulse period was limited to ~2 ps, as confirmed ex-
perimentally, to ensure that the optical pulse distortion (caused
by the EDFA transition dynamics) is avoided. Therefore, the de-
scribed experimental condition allows the measurement of a car-
rier recombination lifetime as long as 2 ps. As will be shown
later, the observed nonlinear loss dynamics fit well within the
specified limits, enabling an accurate determination of both re-
combination and generation lifetimes. Note that the repetition
period shorter than the EDFA transition dynamics, such as in
our case, enables enhancement of the peak power Ppeak, with
respect to the average power P,, for a pulse duty cycle D, as

apv?
Py = P,,/D. In our case, the pulse duration and repetition pe-
riod were 200 ns and 2 ps, respectively, leading to a duty cycle
of 0.1, and thus, P,,/P,, = 10, allowing creation of high peak
power optical pulses. Therefore, this setup allowed us to increase
the peak power without changing the average power by simply
altering the pulse duration duty cycle ratio.

In general, it is possible to estimate a free carrier generation
lifetime by using only one optical pulse source (signal) by mea-
suring the pulse transmission through a device, even though
two sources of light are typically utilized (pulsed pump and CW
probe) to measure a recombination lifetime.**l However, in our
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Figure 4. a) Block diagram of the setup used to characterize nonlinear loss dynamics by measuring optical pulse transmission, where blue arrows
represent an electrical signal, gray arrows represent an optical signal. PG: Pulse pattern generator as an electrical pulse source, EOM: Electrooptic
modulator based on lithium niobate, EDFA: Erbium-doped fiber amplifier, Ol: Optical isolator, BS: Beam splitter, PC: Polarization controller, HSD: High
speed photodetector, OPM: Optical power meter, DCA: Digital communications analyzers as a sampling oscilloscope. b) Cross-section of an SRN
waveguide used in the experiments. Normalized optical power of a signal pulse measured on the oscilloscope, used to characterize the nonlinear loss
dynamics in SRN waveguides: c) Large timescale (500 ns) demonstrating a complex shape pulse consisting of a 200 ns pulse followed by a time-comb
of short 200 ps pulses, d) short timescale ( 2.5 ns) demonstrating the front edge of the pulse with the rise time of about 50 ps.

study, we implemented a different approach, taking advantage
of the pulse generator’s ability to generate non-return-to-zero
patterns (a binary code). Specifically, a generated waveform used
to probe the SRN samples consisted of two parts, where the first
part was a continuous 200 ns long optical pulse that generated
free carries, while the second part consisted of a series of short
isolated 200 ps pulses, in effect forming a comb in the time
domain, as demonstrated in Figure 4c. Such a comb created only
a negligible concentration of free carriers, since the duration of
each constituent pulse was shorter than the free carrier gener-
ation lifetime, thus not affecting the free carrier recombination.
Therefore, the lifetime of the latter can be estimated simply by
observing the response dynamics of the comb at the output of
the SRN waveguide under test (i.e., transmission dynamics).
Consequently, as explained above, our novel approach allowed
us to characterize both generation and recombination lifetimes
based on transmission dynamics, by using just an optical pulse
signal, simplifying the free carrier dynamics characterization.
Additionally, Figure 4d shows the front edge of the 200 ns optical
pulse (same as from Figure 4c) exiting from the EDFA, and it can
be seen that the rise time is around 50 ps. The minor amplitude
variation (<10%), that is observed in both Figure 4c,d, is caused
by the transient dynamics of EDFA.

To demonstrate how FCA dynamics changes with the SRN in-
dex, multiple SRN waveguides with the length of 6.5 mm were
fabricated for the indices of 2.5, 2.7, 3.0, and 3.15, and the cor-
responding widths of the waveguides were 550, 500, 440, and
375 nm, while the corresponding thicknesses were 383, 386, 337,
and 343 nm, similar to these used in our previous work.!"] Fully
etched linearly apodized grating couplers (GC) were used to cou-
ple light in and out of waveguides, while 300 um long tapers were
used to adiabatically change the mode size.*! Specifically, the fol-
lowing fabrication flow was utilized!'!: First, Si device layer was
removed from silicon on insulator (SOI) substrates by a tetram-
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ethylammonium hydroxide (TMAH) wet etching such that only
3 um of the buried oxide (BOX) was left on the top of the Si sub-
strate (note that this step can be avoided if Si samples with only
SiO, layer on the top are available). Then, a PECVD SRN thin film
was deposited in an Oxford Plasmalab PECVD system, where the
SiH, with N, precursor gases were used, with the chamber tem-
perature set to 350 °C, and pressure to 650 mTorr (the same as in
section 2). Next, e-beam lithography was implemented to expose
an hydrogen silsesquioxane (HSQ) e-beam resist spun on SRN
thin films. After HSQ development, the sample was etched in an
Oxford Plasmalab P100 system, and HSQ was removed by 6:1
buffered oxide etch (BOE) solution mixed with de-ionized (DI)
water in the ratio of 1:10. Finally, the samples were clad with 1
um of a PECVD SiO, deposited by the Oxford Plasmalab PECVD
system. The cross-section of the device is demonstrated in
Figure 4b.

Table 1 summarizes some important parameters of our fab-
ricated samples,! including the SRN refractive index n,,,, the
waveguide core width w, the waveguide core thickness d, the over-
lap integral estimated from Lumerical (Ansys) simulations I, the
linear optical loss coefficient « measured by a cut-back method,
the GC coupling efficiency per one grating p. It is worth noting
that due to a change of an SRN refractive index it was necessary

Table 1. SRN waveguide and GC parameters for different samples used in
the experiments.

[ w [nm] d [nm] r a[dBcm™] 1 [dB]
2.5 550 383 0.49 8 —6.8
2.7 500 386 0.51 16 —4.4
3 440 337 0.5 19 —-49
3.15 375 343 0.42 21 —6
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Figure 5. Optical pulse transmission dynamics in an SRN waveguide mea-
sured on the oscilloscope at the coupled peak power of around 21 dBm
for the indices of 3.15 (blue) and 2.7 (orange), a) Large timescale (500 ns)
demonstrating a 200 ns pulse followed by a comb of short pulses, b) short
timescale (20 ns) demonstrating the front edge of the pulse affected by the
nonlinear loss dynamics.

to adjust the geometry of a waveguide to maintain a consistent
mode overlap integral. At the same time, changing the geometry
of the waveguides may affect surface recombination, altering a
free carrier lifetime. Therefore, the waveguide geometries of the
samples were kept as similar as possible to minimize the effect
on measurements when comparing data from samples with dif-
ferent indices.

3.2. Experimental Results

Figure 5a demonstrates the dynamics of the transmitted optical
pulses for the peak power of 21 dBm coupled to SRN waveg-
uides. As evident in Figure 5a, a sharp drop in transmitted power
by about 80% and 50% is observed for sample indices of 3.15
and 2.7, respectively, indicating a strong nonlinear loss effect.
Furthermore, the time-comb structure, following the long pulse,
effectively sampled the recombination process with the comb
pulses’ amplitudes growing in time. Lastly, the carrier generation
dynamics, captured by the long (200 ns) pulse from Figure 5a, is
presented on a shorter timescale in Figure 5b to demonstrate ex-
plicitly that most of the power transmission decline happens on
the scale of 10 ns.
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It is also worth noting that while the signal pulse distortion
can be observed in Figure 4d, it is deemed insignificant since
its maximum amplitude variation is less than 10%, i.e., negli-
gible compared to the amplitude decline caused by the nonlin-
ear losses (i.e., 50-80% from Figure 5a). In a similar fashion,
the EDFA-caused long pulse drop observed in Figure 4c does
not contribute to the captured dynamics significantly. Indeed, the
total amplitude change is about 10% over 200 ns time-window
of the pulse duration. However, within the scale of 10 ns where
the nonlinear loss dynamics primarily occurs, the EDFA-caused
amplitude change is only around 0.5%, which can be neglected
with respect to the magnitude of the nonlinear losses. Therefore,
based on the presented arguments, the generated optical pulse
signal can indeed be used to accurately characterize transmission
dynamics, thus enabling estimation of generation and recombi-
nation lifetimes with relatively high accuracy. Interestingly, we
can see that the nonlinear loss dynamics presented in Figure 5b
is much smoother for the SRN refractive index of 3.15 since it
is mostly affected by the faster carrier generation dynamics, as
evident by the sharper decline of the pulse transmission. Mean-
while, in the case of index 2.7, the carrier dynamics is clearly
slower and is slightly affected by the signal pulse perturbations
seen in Figure 4d. This example also demonstrates why it was im-
portant to use longer waveguides and higher optical signal power,
thus causing stronger nonlinear losses—namely to increase the
accuracy of the measurements by minimizing the impact of the
generated signal pulse deviation from an ideal boxcar function.

In principle, we can introduce the signal loss a (i.e., a reduc-
tion in transmission caused by the nonlinear loss) such thata =1
— T, where T'is the normalized signal transmission of the optical
pulse signal, as shown, for example, in Figure 5a. Then, the free
carrier generation and recombination lifetimes can be extracted
from the captured transmission T or signal loss a dynamics as-
suming the underlying first order model:

df _ap - T 2
dt - i T, ( )
da; A a 3
F T 3)

1

where the indices i = g or i = rec refer to the generation or re-
combination dynamics, respectively, ¢ is time, AT (or Aa) is the
signal transmission (or loss) change rate, and 7 is the carrier gen-
eration/recombination lifetime. Note that Equations (2) and (3),
which are identical to that describing the free carrier concentra-
tion dynamics, have a straightforward solution:

T(f) = AT,r(1 - ¢/%) 4)
a,(f) = Aa;z(1—e/%) )

It is worth noting that when considering carrier generation
dynamics, it is more convenient to work with the signal loss
dynamics which follows Equation (5), since in this case Aag,
acquires a physical meaning of a normalized signal loss rate
(measured in s71), which is proportional to the free carrier con-
centration generation rate. At the same, the value 7, is defined as

the time it takes for the signal loss to reach the a,,,.(1 — 1/e) level,
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Figure 6. a) Dynamics of signal loss a in an SRN waveguide caused
by free carrier generation at the coupled peak power of around
21 dBm for the index of 2.7, fitted using Equation (5) in Wolfram Math-
ematica, b) transmission dynamics of the comb in an SRN waveguide
demonstrating free carrier recombination dynamics at the coupled peak
power of around 21 dBm for the index of 2.7, where dots represent the
transmission peaks of each pulse in the comb, fitted using Equation (4) in
Wolfram Mathematica.

where a,,,, = Aa,7, is the maximum signal loss achieved in the
limit t > 7, as follows from Equation (5), and denotes the free
carrier generation lifetime. Hence, the important parameters
such as Ag, and 7, can be retrieved from fitting the signal loss
dynamics, as shown in Figure 6a. Likewise, Equation (4) allows
estimation of the recombination lifetime 7, although in our
case the transmission dynamics of the time-comb is used for the
parameter extraction instead. With that purpose, we measured
the transmission peaks of each pulse from the time-comb and
fitted them to the function described by Equation (4), as shown
in Figure 6b, to retrieve the recombination lifetime 7,

Figure 7a shows the signal loss rate Aa, as a function of the
pulse peak power (coupled to the waveguide) for various SRN in-
dices extracted from the captured carrier dynamics. As can be
seen in Figure 7a, the signal loss rate increases with both the
peak power and the SRN index. Specifically, the increase of sig-
nal loss rate Aa, with power is recognized as linear, implying that
the free carrier concentration is proportional to the incident op-
tical power, as expected. Indeed, the linear relation suggests that
the free carriers are not generated by TPA (which would lead to
a quadratic dependence of free carrier concentration on power),
but rather by defects in SRN. Likewise, Figure 7b shows free car-
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rier generation lifetime 7, as a function of the peak power and
the SRN index, and we can observe that 7, reduces with both pa-
rameters. Furthermore, the evolution of Aa, and 7, is necessarily
correlated since the larger Aa, depletes the propagating pulse at
a faster rate, resulting in a reduction of z,. However, it is also
reasonable to separate these quantities since they have a distinct
physical meaning, as explained in the paragraph above. Overall,
the shortest generation lifetime measured in our experiments is
around 500 ps, and it was captured for the highest peak power of
24 dBm (coupled to the waveguide) for the sample with the refrac-
tive index of 3.15. More importantly, the last quoted value for the
carrier lifetime is important since it strictly determines how short
the pulses need to be in order to minimize (or avoid) the FCA
dynamics and, therefore, the undesired nonlinear losses. Conse-
quently, it can be concluded that for the index of 3.15, the nonlin-
ear losses significantly decrease for pulses shorter than 500 ps.
Similarly, for the index of 2.7 and the peak power of 25 dBm, the
pulse duration should be less than 2 ns to minimize the effects
of FCA. Thus, a reduction in the SRN refractive index provides a
dual advantage: itleads to a decrease in the magnitude of the non-
linear losses determined by Aa,, and it also increases the maxi-
mum pulse duration that can be used without experiencing the
nonlinear losses. However, as demonstrated in detail in ref. [1],
this trend, unfortunately, also leads to a steady reduction in the
SRN optical nonlinear response, indicating a tradeoff between
the nonlinearities and losses. For completeness, we also note that
no nonlinear losses were observed for the SRN samples with the
index of 2.5 (and, thus, the results are not presented here).

Lastly, Equation (5) implies that the signal loss (or transmis-
sion) eventually reaches a steady state (i.e., saturation) at the value
of a,,, = Aa,r,, which can be observed when the incident pulse
duration is much longer than the free carrier generation life-
time 7,. For reference, the latter case is observed in Figure 5a
for the 200 ns pulse. In other words, the saturation implies that
the steady state is achieved in the carrier generation dynamics,
with no further growth in the free carrier concentration. There-
fore, the minimum transmission 1 — a,,,, at the saturation is
an important parameter that describes the maximum nonlinear
losses achieved in a steady state in both pulsed and CW excita-
tion regimes. Hence, the minimum transmission was estimated
from the measured free carrier generation dynamics, shown in
Figure 5a, as a function of the peak pulse power and presented in
Figure 8a. Evidently, we observed the minimum transmission of
about -8 dB for the highest SRN index of 3.15 at the peak power
of 24 dBm. The minimum steady-state transmission increases to
the value of about —2 dB as the peak power is reduced to 12 dBm.
Finally, we also point out that it is possible to reduce the trans-
mission losses to just 1-3 dB by utilizing SRN waveguides with
the index of 2.7 at the peak powers in the range of 14-25 dBm.
Overall, the results align with the conclusions drawn in the pre-
ceding paragraph, indicating that a reduction in the SRN index
correlates with a decrease in Aa,.

Figure 8b demonstrates the recombination lifetimes z,,. ob-
tained from the fitting presented in Figure 6b for a set of vary-
ing refractive indices and pulse peak powers (coupled to the SRN
waveguide). Remarkably, like in the case of the free carrier gen-
eration lifetime 7, increasing the refractive index of SRN leads
to larger recombination lifetimes, which may indicate higher
concentration of defects participating in the recombination.
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Figure 7. a) Signal loss rate Aa, as a function of a pulse peak power coupled to an SRN waveguide for the indices of 3.15 (blue), 3 (orange), 2.7 (green),
b) carrier generation lifetime 7, as the function of pulse power coupled to an SRN waveguide for the indices of 3.15 (blue), 3 (orange), 2.7 (green).
The error bars are obtained from fitting in Wolfram Mathematica and are based on 95% confidence intervals (they are small and obscured by the data

points).

However, it is also important to note that the recombination life-
times do not change with the peak power within the margins of
errors, contrary to the case of carrier generation lifetimes, which
indicates an absence of Auger recombination mechanism.!?8
Overall, the largest recombination lifetime, which was measured
in an SRN waveguide with the index of 2.7, is around (92 + 7)
ns (averaged over 5 points representing different peak powers,
where a margin of error represents a standard deviation error),
while it is (39 + 3) ns and (31 + 2) ns for the indices of 3 and
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3.15, respectively. We also note that the recombination lifetimes
play an important role in optical pulse tailoring with the pur-
pose of avoiding nonlinear losses. Indeed, as stated previously
(and repeated here for completeness) the pulse repetition time
ought to be longer than the sample recombination lifetime to
allow the free carriers to recombine, prior to the arrival of the
next pulse.

Having determined the free carrier generation and recombina-
tion lifetimes, it was possible to optimize optical pulse’s duration
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Figure 8. a) Minimum transmission of the pulse as the function of pulse
power coupled to an SRN waveguide for the indices of 3.15 (blue), 3 (or-
ange), 2.7 (green), b) recombination lifetime 7, as function of a pulse
peak power coupled to an SRN waveguide for the indices of 3.15 (blue),
3 (orange), 2.7 (green).

and repetition rate to minimize nonlinear optical losses. Indeed,
one should expect that if the pulse duration is set to be shorter
than 7,, and the repetition period longer than 7, free carriers
dynamics will be unable to affect propagating optical pulses, as
discussed above. In fact, with that purpose we measured the
transmission of an optical pulse (with the repetition period of
2 ps, larger than 7,,) in an SRN waveguide, with the index of
3.15 at the coupled peak power of 24 dBm, as a function of the
pulse duration and presented the result in Figure 9a. Note that the
transmission was calculated as an energy of the transmitted pulse
divided by the energy of the signal pulse coming from the EDFA,
after which it was normalized by the maximum value (measured
at 100 ps pulse duration). As expected, a sharp increase in the
transmission is observed as the pulse gets shorter. For complete-
ness, Figure 9b shows transmission of optical pulses for differ-
ent pulse durations. As clearly demonstrated by the results in
Figure 9b, the part of the pulse, characterized by the sharp de-
cline of amplitude (due to the FCA), can indeed be significantly
shortened by decreasing the pulse duration, thus leaving only the
part of the pulse least affected by the FCA. Hence, it enables uti-
lization of high index SRN waveguides for certain applications
where short optical pulses can be used, while avoiding the non-
linear losses and benefiting from the large optical nonlinearities
of SRN.[U
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Figure 9. a) Pulse transmission as a function of the pulse duration for
SRN index of 3.15 and coupled peak power of 24 dBm, b) pulse transmis-

sion dynamics for the pulse durations of 100 ps (blue), 300 ps (orange),
600 ps (green) for SRN index of 3.15 and coupled peak power of 24 dBm.

4, Discussion

In summary, we have provided compelling and detailed evidence
that the observed nonlinear optical losses in SRN waveguides are
attributed to FCA. Indeed, we observed photocurrentin SRN thin
films with the refractive indices in the range of 2.65-3.15, which
serves as a clear signature of the generated free carriers, and de-
termined that it increases with the SRN refractive index. Simi-
larly, we established that the nonlinear optical losses observed in
SRN waveguides, within a comparable range of the refractive in-
dices, also increase with the refractive index. On the other hand,
negligible photocurrent in the SRN thin films and absence of
nonlinear losses in the corresponding waveguides were observed
for the index of 2.5, clearly indicating the absence of free carriers
in this case. The aforementioned set of circumstances strongly
supports the hypothesis that the photocurrent and the nonlin-
ear losses indeed have the same origin—namely the generated
free carriers. Furthermore, it is evident that the free carriers are
not generated by TPA, since the last was not observed at the op-
tical powers used in this work.l'l Additionally, it was found that
the signal loss rate Aa,, which is proportional to the free carrier
generation rate, grows linearly with the optical pulse peak power,
as in the case when defects generate free carriers. We, there-
fore, conclude that various defects and/or impurities present in
SRN films with a large refractive index facilitate both the free
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carrier generation and recombination processes. Moreover, based
on the FCA dynamics observed in SRN waveguides, we deter-
mined that both free carrier generation and recombination life-
times decrease with the refractive index of SRN samples, stem-
ming from the associated increase of the defect density in SRN
samples with higher refractive indices. Specifically, the free car-
rier recombination lifetimes of (92 + 7) ns, (39 + 3) ns, and (31
+ 2) ns were estimated for the SRN indices of 2.7, 3, and 3.15,
respectively. Notably, voltage breakdown was observed in an SRN
thin film for the highest index of 3.15 at a relatively low DC elec-
tric field of around 20 V um™1, and it can be explained by the pres-
ence of a high defect density in the SRN film.[*?~**] On the other
hand, a noticeable reduction of the photocurrent was observed
in the SRN thin film after RTA at 800 °C for 2 min, compared
to the as-grown SRN thin film under the same conditions. We,
therefore, hypothesize that it indicates the increased incorpora-
tion of defects and impurities in as-grown SRN films, owing to
the prior ample evidence that RTA reduces defect density.3%-32l
Nonetheless, it ought to be stated that while the origin of the ob-
served nonlinear losses is FCA caused by the defects, the origin of
the defects has not been established directly, indicating that fur-
ther research is needed. Finally, and perhaps most importantly,
we have demonstrated that it is possible to reduce or avoid nonlin-
ear optical losses in SRN waveguides altogether by utilizing opti-
cal pulses shorter than the free carrier generation lifetime while
maintaining a repetition period of the pulses longer than the free
carrier recombination lifetime. Consequently, the presented re-
sults strictly delineate the conditions for taking full advantage of
the large nonlinearities in high index SRN (y; = (12.6 + 1.4) X
1071 m? V2 corresponding to the SRN index of 3.2(1), leading to
its efficient application in nonlinear optics. In the future, we plan
to investigate other methods to reduce nonlinear losses, deter-
mine the origin of defects responsible for free carrier generation
and recombination, and research the spectral response of non-
linear losses to further enhance our understanding of the SRN
platform.
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