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Reverse saturable absorption in fullerenes has been widely used to realize excellent passive optical lim-
iters for the visible region up to 650 nm. However, there is still a need for passive optical switches and
limiters with a low limiting threshold (<0.5 J/cm?) and higher damage limits. The electronic structure
of fullerenes can be modified either through doping or by the encapsulation of endohedral clusters to
achieve exotic quantum states of matter such as superconductivity. Building on this ability, we show that
the encapsulation of ScsN, LusN or Y3N in Cgg alters the HOMO-LUMO gap and leads to passive optical
switches with a significantly low limiting threshold (0.3 J/cm?) and a wider operation window (average
pulse energy >0.3 mJ in the ns regime).

© 2016 Elsevier B.V. All rights reserved.

As our digital information needs continue to evolve at much fas-
ter rates than the growth of Si-based processors, the encroachment
of light-based technologies into computing seems inevitable [1-3].
With the advent of lasers, photonic crystals, and optical diodes
[3,4] photonic computing has made significant strides in informa-
tion technology over the past 30 years. This continuing integration
of light into all-optical computing, optoelectronic components, and
emerging optogenetic technologies demands the ability to control
and manipulate light in a predictable fashion or by design [5].
Although there are different dynamic methods (e.g., Faraday rota-
tor) to manipulate light, the presence of multiple optical compo-
nents and the necessity for active feedback/control (e.g.,
magnetic fields in Faraday rotator) impedes their immediate uti-
lization in many technologies [5]. Alternatively, passive control
and manipulation of light in all-optical switches, photonic diodes,
and optical limiting could be achieved by directly using intrinsic
non-linear optical properties of materials [4,5]. Of particular inter-
est, in this work, is the use of all-optical switches and optical lim-
iters for laser pulse-shaping and sensor protection. While an ideal
optical switch is a nonlinear optical device that abruptly turns opa-
que (zero transmission) above a certain threshold intensity, an
ideal optical limiter exhibits a linear (/non-zero and constant)
transmission below (/above) the threshold (Fig. 1). In reality, when
the leading edge of a fast optical pulse is comparable to the elec-
tron-electron scattering times (hundreds of fs to sub-ps) of the
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optical switch material, the pulse may partially pass through the
optical switch before the material is non-linearly activated [5-7].
This yields a realistic switch/limiter response that is intermediate
between an ideal limiter and an ideal switch, as shown in Fig. 1.
Realistic optical switches/limiters are useful in several applica-
tions, some of which include: (i) pulse shaping where a long optical
pulse with intensity spikes can be smoothed by selectively attenu-
ating the high-intensity spikes that exclusively elicit non-linear
responses in the switch [5], and (ii) sensor protection for extending
the dynamic range of the sensor by mitigating light-induced
damage [5,8-12]. In regards to sensor protection, the extensive
deployment of lasers poses a serious threat for sensitive optical
and electronic components/devices including eyes now, more than
ever. Indeed, the strong absorption of biomolecules in the
near-infrared (NIR) region exacerbates the possibility of NIR
laser-induced injuries and accidents, making the need for effective
protection against lasers a priority [13,14]. The emergence of
various nanomaterials and their heterostructures with unique
non-linear properties (e.g., reverse saturable absorption in Cgp)
led to the realization of enhanced optical limiting materials
[6,8-12,15-24]. Although nanomaterials display an improved optical
limiting threshold (the input fluence at which the transmittance falls
to 50% of its initial value) at higher input fluences >1J/cm?
(Table 1), it is challenging to achieve excellent optical limiting
capability in the low fluence regime (<1 J/cm?) [8]. Furthermore,
realistic optical switches should also exhibit a rapid decrease in
transmission (ideally, the transmission should abruptly drop to
zero above the threshold intensity, as shown in Fig. 1) in addition
to a low-threshold [5]. In this regard, others and we previously
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Fig. 1. A schematic showing the optical response for an ideal optical limiter (dashed
black line), an ideal optical switch (red dashed line), and a realistic passive optical
switch as a function of input fluence. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

found that tailoring the electronic band structure of nanomaterials
via dopants & defects (e.g., oxidized graphene/B- or N-doping), and
modulating electron scattering mechanisms through heterostruc-
tured geometries (e.g., Au nanoparticles of reduced graphene
oxide) shows excellent promise for controlling non-linear optical
properties [8,25-28]. Building on these results, in this article, we
demonstrate the use of thermally stable endohedral cluster fullere-
nes (ScsN@Cgp, LusN@Cgg and Y3N@Cg) as potential passive realis-
tic optical switch/limiter materials with low-fluence threshold and
high-damage limits for pulsed ns 1064 nm wavelength. The excel-
lent match between the HOMO-LUMO gap in LusN@Cgy and
1064 nm leads to the realization of thresholds as low as
~03]/cm?, which are at least an order of magnitude lower
compared to many nanomaterials, particularly Cgo (Table 1). More
importantly, the non-linear transmission through LusN@Cgg
decreases much more rapidly than for other nanomaterials, making
it an ideal candidate for realistic optical switching. In addition to the
low-fluence, our experiments show that ScsN@Cggy, LusN@Cgp, and
Y3N@Cgy can withstand high nanosecond pulsed-laser energies
>0.5 m] (average pulse energy) which is at least 10-100 times higher
than for other metallic and dielectric materials [29,30] and is on par
with high-power Er/Yb doped optical fibers [31-34].

Cso (Carbon 60, 99.95+%, ultra pure Vacuum oven dried) was
purchased from SES research, Houston, TX. ScsN@Cgg LusN@Cgg
and Y3N@Cgy were obtained using an arc-discharge process
described earlier [35]. To gauge the non-linear optical performance
of Cgo, Sc3sN@Cgp, LusN@Cgp and Y3N@Cgo we used a conventional

open aperture Z-scan technique described earlier [8,36]. All mea-
surements were performed with linearly polarized 7 ns optical
pulses from a Q-switched frequency-doubled Nd:YAG laser at
1064 nm. For our Z-scan setup, the laser beam was focused by a
converging lens with a focal length of 20 cm on to a stable disper-
sion that was held in the 1 mm quartz cuvette (100-QS Hellma®
Analytics) and translated across the focal plane in the beam
direction (Z direction). At each Z position, the position dependent
transmittance was measured using a calibrated photodetector
(RjP-7620, Laserprobe, Inc.) to obtain the Z-scan curves shown in
FlgS 2 and 3. Cso, SC3N@C30_ LusN@Cgo and Ys;N@Cgy were
suspended in toluene at 0.5 mg/ml concentration using aqueous
bath sonication (Branson Aquasonic) for 30 min.

The open aperture Z-scan curves (shown in Fig. 2) often emerge
from one or multiple non-linear phenomena (e.g., saturable,
reverse saturable, or multi-photon absorption) occurring simulta-
neously in the photo-excited material under study. For instance,
the nonlinear transmission for a sample exhibiting exclusively
reverse saturable or two-photon absorption (RSA or 2PA) processes
(e.g., Cgo in Fig. 2a) is given by Eq. (1)

wl  p+oo
T = (1 - R)’ev@ In(1 + g2e?)dt, (1)
where L and R are the sample length (1 mm) and surface reflectivity,
respectively. In Eq. (1), ao is the unsaturated linear absorption coef-
ficient, qo is given by B(1 — R)IgLer. where B is the absorption coeffi-
cient for a RSA/2PA process. The effective length Leg is given by
(1 — exp(—opl))/cto. For materials that simultaneously exhibit more
than one NLO process, like saturable absorption competing with a
RSA/2PA process (e.g., ScsN@Cgg LusN@Cgo and YsN@Cg in
Fig. 2b-d), the nonlinear transmission of the sample is best
described by the propagation equation as

ﬂ,_ ool
z  1+f

- /3127 (2)

where I is the saturation absorption intensity. RSA is a non-linear
optical phenomenon, which occurs when the photoexcited state
exhibits higher absorption cross-section than the ground state. As
shown in Fig. 2a, it is well known that Cgo exhibits RSA [6,10,21],
when exposed to ns pulses, due to the excitation of ground-state
electrons (in singlet state S,) to the long-lived lowest triplet state
T, (which has a higher absorption cross-section than S,) through a
fast and efficient intersystem crossing via a singlet state S;. Our
Z-scan curves for Cgo (Fig. 2a) could be fitted well using a
two-photon absorption process (Eq. (1)) with -~ 4.5 x 107 cm/
W, concurring with the previously observed properties of Cgg. [37]
Although the strong linear optical absorption of S,-S; states (see

Table 1

Optical limiting threshold of various low dimensional nanostructures in comparison with ScsN@C80, LusN@C80, Y3;N@C80 and C60.
Nanostructure (diameter size) Pulse width:sample length Linear transmission (%) Threshold value (J/cm?) Reference
Pd nanowires (50 nm) 7ns:1 mm 80 0.9 Pan et al. [24]
Cu nanowires (50 nm) 8ns:5 mm 80 2.5 Pan et al. [24]
Ni nanowires (50 nm) 7ns:1 cm 80 1.2 Pan et al. [24]
Pt nanowires (50 nm) 7ns:1 cm 80 1.3 Pan et al. [24]
Ag nanowires (50 nm) 7ns:1 cm 80 1.7 Pan et al. [24]
Co nanowires (50 nm) 7ns:1cm 80 4.2 Pan et al. [24]
CdS nanowires (4.5 nm) 6ns:1 mm 76 1.42-0.42 Muthukumar et al. [22]
CdS/Ag,S nanoparticles (3.5 nm) 4.1ns:2 mm 68 0.5 Jia et al. [8]
Au NPs (22 nm) 7ns:1 mm 70 9.0 Pradhan et al. [9]
Au-graphene 7ns:1 mm 70 04 Pradhan et al. [9]
Cso (0.7 nm) 7ns:1 mm 80 1.0 This work
ScsN@Cgp (0.7 nm) 7ns:1 mm 75 0.5 This work
LusN@Cg (0.7nm) 7ns:1mm 80 0.3 This work
Y3N@Cg (0.7nm) 7ns:1mm 80 0.4 This work
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Fig. 2. Z-scan curves for Cgp (a) and ScsN@Cgy (b) at different energies clearly show a valley indicating reverse saturable/two-photon response. The markers represent the
experimental data and the solid lines are experimental fits obtained by solving a non-linear light propagation equation.
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Fig. 3. (a) UV-Visible absorption spectrum for Cgo, ScsN@Cgp, LusN@Cgp and Y3N@Cgo. The inset shows a digital photograph of Cgp, ScsN@Cgp, LusN and Y3N (from left to right)
exhibiting different colors due to different HOMO-LUMO gaps. (b) The non-linear optical response curve obtained (same concentration, 0.5 mg/ml) using the Z-scan method
(1064 nm, 7 ns) shows a rapid decrease in transmission for ScsN@Cgo LusN@Cgq and Y3N@Cg relative to Cgp at higher intensities similar to a realistic optical switch (cf. Fig. 1).
The dashed line indicates 50% transmittance of the incident light. ScsN@Cs LusN@Cso and YsN@Cgq reach the 50% transmission (shown by dashed line) around a low
threshold 0.3-0.5 J/cm? while Cgo does not exhibit optical limiting (i.e., normalized transmittance remains >50%) below 1 J/cm?. The arrow in (b) shows saturable absorption

(normalized transmittance >100% relative to linear transmittance) for ScsN@Cgy.

Fig. 3a) leads to efficient RSA and optical limiting up to ~650 nm,
the optical switching/limiting behavior of Cgo is poor for near-
infrared wavelengths such as 1064 nm (1.16 eV): a very commonly
used ns pulsed laser wavelength [38]. To overcome this apparent
challenge, we used TNEFs which exhibits a HOMO-LUMO gap
~1.9-2.1eV that can near-resonantly couple to 1064 nm
(~1.16 eV) through 2PA [35]. The difference in linear absorption
characteristics of TNEFs and Cgo is clearly evident from the

photographs of Cgo and TNEFs solutions in toluene shown in the inset
of Fig. 3a. Previously, it was demonstrated that the electronic struc-
ture of fullerenes could be modified through nitrogen, alkali and
rare-earth alkali metals doping or by the encapsulation of endohedral
atoms/clusters to achieve exotic quantum states of matter such as
superconductivity [39-41]. These changes in the electronic properties
could then also be used to realize passive optical switches, as demon-
strated in Fig. 3b. The Z-scan curves for ScsN@Cgg LusN@Cgg
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Fig. 4. (a) Linear transmittance (measured with 1064 nm, 7 ns laser) vs concentration. Linear transmittance of ScsN@Cg, appears to drop faster than Cgp, LusN@Cgo and

Y3N@Cg,. (b) Non-linear optical response curve (same linear transmittance, 75%).

and Y3N@Cgg (Fig. 2b-d) exhibited 2PA with some saturable absorp-
tion (i.e., higher transmittance at non-linear intensities) with high I
values (numerically fitted using Eq. (2)). The 2PA coefficient g for
ScsN@Cgo was found to be ~5x 1072cm/W, (for LusN@Cgq
~ 6 x 1072 cm/W and Y3N@Cgg ~ 7 x 10~° cm/W) which are higher
than that of Cgo. This increase in g may be attributed to the lower
HOMO-LUMO gap of ScsN@Cgp, ~1.9 eV [35], LusN@Cgg, ~2.05 eV,
and Y3N@Cgg, ~2.04 eV compared to that for Cgg, ~2.48 eV. It should
be noted that the HOMO-LUMO gaps were obtained from the den-
sity functional theory calculations described in Ref. [29]. The non-
linear transmission of TNEFs decreases much more rapidly than
for Cso (Fig. 3b) closer to the behavior of a realistic optical switch
(Fig. 1). This rapid change in non-linear transmission could
plausibly be attributed to: (i) fast carrier relaxation rates (~100 ps
resulting from the presence of tri metallic nitrides) compared to
Cso (1.5 ns) [42], which in turn can lead to multiple excitation/de-
excitations within the ns pulse width, and (ii) the charge transfer
between photo-excited fullerene cage to ScsN which rapidly
depletes the excited state population to promote more electrons
from the ground state through photo-excitations [43]. A very weak
saturable absorption component (I~ 10-10"*W/m?) was
observed for ScsN@Cg (Fig. 3b). Previously, Chemla and Miller pro-
posed that I in quantum wells and dots is mainly determined by a
carrier-relaxation time through an inverse relation [44]. Although
the exact electronic states involved in saturable absorptions cannot
be identified solely through the Z-scan, the high-magnitude of I for
TNEFs (in particular, ScsN@Cgg) suggests that a short-lived LUMO
excited state is involved in the saturable absorption, concurring
with the data above. Interestingly, the optical switching/limiting
response of TNEFs is highly prominent and exceeds the perfor-
mance of Cgp at 1064 nm despite the presence of a saturable absorp-
tion component. As shown in Fig. 4a, we observed that the linear
transmittance at 1064 nm of ScsN@Cgy exhibits a rapid decrease
as a function of concentration while it remains fairly in the same
range for Cgo and other TNEFs. This trend indicates possible inter-
molecular interactions in ScsN@Cgq that could increase the absorp-
tion at 1064 nm. In order to account for such concentration
dependent effects, we also performed Z-scan experiments (Fig. 4b)
at similar linear transmittance (~75 + 5%) for all samples, in addi-
tion to the data at 0.5 mg/ml concentration (cf. Fig. 2). We found
optical limiting in TNEFs ~ 0.3-0.5 J/cm? at 75% linear transmission
while Cgo did not exhibit <50% transmittance concurring with the
results described in Fig. 2 (i.e., at 0.5 mg/ml concentration).

In summary, the lower HOMO-LUMO gap and intermolecular
interactions in TNEFs allows strong non-linear absorption of
1064 nm wavelength in the ns regimen. Furthermore, the presence
of the previously described charge transfer between the fullerene
cage and trimetallic nitride is expected to increase the non-linear
absorption at rates fast enough to provide a realistic optical switch
response in TNEFs. Our results show that the TNEFs are excellent
optical limiters with a low limiting threshold ~0.3]/cm? at
1064 nm, high damage threshold >0.3 mJ, and can function as a
realistic passive optical switches with a fast increase in absorption
with increasing intensity.
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