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ABSTRACT
We report high order multi-photon absorption in Ge23Sb7S70 chalcogenide glasses up to the 11th order. Open aperture z-scan measurements
with enhanced detection capabilities are performed at short-wave to mid-infrared wavelengths between 1.1 µm and 5.5 µm, enabling very high
order multi-photon absorption to be experimentally observed. We report the multi-photon absorption coefficients for Ge23Sb7S70 within the
measurement range corresponding to 3–11 photon absorption. The dispersive Kerr nonlinear index of the chalcogenide glass in the short-
wave to mid-infrared wavelength range is measured, resulting in a peak n2 value of 4.4 × 10−18 m2/W. Enhancements to the nonlinear
refractive index from the presence of defect states are observed. We further report experimentally verified multi-photon absorption excitation
of photoluminescence in Ge23Sb7S70 chalcogenide glasses. The results pave the way for previously unexplored, new paradigms of photonic
device design leveraging very high order multi-photon absorption effects and multi-photon excited photoluminescence.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5085504

I. INTRODUCTION

Nonlinear optical processes are fundamental to a wide variety
of applications including soliton formation for long haul data trans-
mission, correlated photon pair generation for quantum commu-
nications and computing, and frequency combs enabling precision
metrology and advanced light sources. While these applications rely
solely on the real part of the nonlinear susceptibility; at the same
time, efficient performance requires an imaginary nonlinear suscep-
tibility that is as small as possible. Consequently, a commonly used
metric to gauge the desirability of a material for nonlinear opti-
cal applications is the nonlinear figure of merit, which takes into
account the real and imaginary parts of the nonlinear susceptibility,
and the operating wavelength.

Despite the implications inherent in the nonlinear figure of
merit, it is certainly not the case that the real part of the nonlin-
ear susceptibility is the only element worth harnessing for sophisti-
cated applications. A plethora of applications may in fact leverage

the imaginary part of the nonlinear susceptibility. These include
photodetection,1,2 pulse shaping through saturable absorption,3,4

emerging 3D nanofabrication techniques,5 optical pulse metrology,6
and fluorescence spectroscopy.7 Bio-imaging applications, in par-
ticular, are beneficiaries of high-order photon absorption (PA). In
these processes, N photons incident on a material are absorbed, with
the probability of the absorptive process occurring diminishing, as
the photon order N is increased. The higher the order of multi-
photon absorption (MPA) effects, the better the ability to utilize
these effects in imaging applications: First, by virtue of higher order
PA effects occurring at longer wavelengths, the potential for higher
penetration depths and lower optical damage in non-destructive,
in vivo imaging for biomedical applications is enhanced. Second,
higher order nonlinear effects have better spatial confinement and
therefore enable better resolution to be achieved in applications such
as photodynamic therapy,8 optical limiting,9 bio-targeting,10 and
bio-sensing.11 Consequently, the ability to quantify high order MPA
coefficients is an important capability.
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FIG. 1. Schematic of the z-scan setup
for the measuring nonlinear coefficients
in the range from near IR to far IR. OPA
denotes the optical parametric amplifier,
NDFG is a non-collinear difference fre-
quency generator, and PM is an optical
power meter.

The ability to design for and advantageously leverage the non-
linear optical properties of a material relies fundamentally on being
able to quantify them. The quantification of high order nonlinear
absorptive effects is challenging because of the difficulty in achiev-
ing the requisite optical intensities for observing high-order nonlin-
ear absorption or similarly because optical changes from high order
effects intended to quantify them are too small to detect with most
tools. In addition, very high order MPA typically occurs at long
wavelengths and requires materials which are optically transparent
at these wavelengths to be successfully observed.

In this manuscript, we report the experimental measurement
of MPA coefficients up to the eleventh order in Ge23Sb7S70 (GSS)
chalcogenide glass (ChG), by far the highest order MPA experimen-
tally recorded to date. Open aperture z-scan and closed aperture
z-scan measurements enabled through a high sensitivity detection
system allow very small changes in optical intensities to be quan-
tified. The schematic z-scan setup is shown in Fig. 1. To achieve a
high signal to noise ratio, we normalize the transmittance with a ref-
erence beam split from the measurement pulse. In addition, tens of
measurements are averaged to reduce effects from laser fluctuations.
Details of the method used to retrieve nonlinear coefficients from
raw data are provided in Sec. III.

The nonlinear refractive index corresponding to the real
part of third susceptibility is also quantified from the short-wave
(1.1 µm) to mid-infrared (5.0 µm) wavelengths with enhancements
in the nonlinearity reported from the presence of defect states. We
also report the excitation of photoluminescence in GSS using 4-PA.
Such MPA-induced photoluminescence could provide new avenues
of light generation in indirect bandgap materials. Consequently, we
document in this manuscript, the ability to characterize very high
order MPA in GSS up to the 11th order and the generation of photo-
luminescence via MPA. These capabilities could avail new potential
applications in high resolution, non-destructive imaging, medicine,
and high performance metrology.

II. RESULTS
A. Material, optical theory, and synthesis
of Ge23Sb7S70 chalcogenide glasses

GSS is a ternary chalcogenide glass (ChG).12,13 Originally stud-
ied for their remarkable electronic and photonic properties, and
their ability to undergo structural and phase changes for applications

such as non-volatile memory and14 chalcogenide glasses are actively
studied today for photonic applications as they can be readily pro-
cessed in bulk, thin film (planar), and fiber form. They possess broad
transparency windows that span the near infrared to 20 µm, and
large optical nonlinearities two orders of magnitude larger than
in silica.15–18 Furthermore, chalcogenide glasses possess tunable
physical properties such as bandgap energy, refractive index, trans-
parency window, nonlinear refractive index, and most recently tun-
able dispersion19–21 realized through compositional alloying and
microstructural engineering. The ability to tune these parameters
is achieved through compositional engineering of their elemental
constituents, Ge, P, Ga, As, and Sb, and chalcogen components, S,
Se, and Te. This unique combination of structural stability, prop-
erty tailoring, and compatibility with fabrication methods to realize
low loss planar structures enables manufacturing of robust, mono-
lithic photonic devices. Amongst the plethora of chalcogenide com-
pounds available. GSS has important advantages over some other
ChGs including resistance to oxidation13 and being relatively inert
to humidity22 especially when compared to As–S, As–Se, and Ge–S
glasses.

During glass production, carriers are generated. The glass is
amorphous in nature, and carriers are not free. Rather, they are
trapped in localized areas of disorder such as defects. The generated
carriers are further associated with structural deformation induced
by strong electric-phonon interactions. If the electric-phonon inter-
actions are sufficiently strong and long in duration, the structure
will be deformed. The localized states give rise to band tail states.
The associated band tail energy behaves similarly to exciton states,
in which they are not free but localized at structural defects. The
quenched glass can exist in metastable states that may or may not be
in equilibrium depending on production conditions and histories.
Furthermore, dangling states can arise as a result of mid-gap energy
states during quenched glass production. These mid-gap states can
have effects on the optical and electrical properties of the amorphous
glass.

The network units of the GSS glass consist of SbS3/2 and
GeS4/2 structural units which dominate the backbone of the glass
network.12 If the glass network constituents possess variations in
valency, coordination defects (such as electron or hole centers) can
arise. The coordinated distance and angle between the network units
are formed such that they possess minimum energy at zero tem-
perature. Consequently, the network units are randomly connected.
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The parameter means coordination number (MCN) defines the total
number of valencies divided by the total number of atoms and is
used to describe the glass states. It was previously documented that
an MCN value of 2.4 and 2.67 gave rise to phase transitions23,24

in some ChGs, which in turn can enable tunable device behavior
for unique applications. The MCN for this GSS glass is 2.53, cor-
responding to an over-constrained, stressed-rigid glass. The over-
constrained GSS is prone to having coordinated defects, which are
bonding states that deviate from a fully coordinated network. The
coordinated defects have mid-gap energy levels. The coordination
defects that form during glass production can be annihilated. Con-
versely, it has also been shown and quantified that photo-induced
coordination defects can be created, by mechanisms dependent
on glass composition and the characteristics of the exciting radi-
ation.25,26 These phenomena could provide a lever for control-
ling the creation/modification of bonds and, thereby, allow relaxed
amorphous structures to be controllably formed.27,28 These defects
impact a variety of optical properties, including the nonlinear optical
behavior of the GSS material of interest in the present study. Mate-
rial growth details of the Ge23Sb7S70 used in this study are provided
in Sec. III.

The intricacies of the GSS glass network formation is likely
to give rise to a wealth of unique nonlinear optical properties, and
understanding these intricacies is instrumental to the study of very
high order nonlinear absorption processes and associated photolu-
minescence generation. First, the aforementioned localized defect
states could contribute to the enhancement of the Kerr nonlinear
index since the tail states decrease the bandgap energy, and the non-
linear refractive index is related to Eg

−4 for the same ratio of photon
energy to bandgap, where Eg is the bandgap energy.29,30

Second, the presence of mid-gap states could enable the gener-
ation of photoluminescence using MPA, particularly at wavelengths
that correspond with the energies of the states. Consequently, we
document in this manuscript, the ability to characterize very high
order MPA in GSS up to the 11th order and the generation of
photoluminescence via MPA.

B. Experimental quantification of 11-photon
absorption coefficient

In order to characterize very high order multi-photon effects,
we formulated a z-scan setup which possesses a wide wavelength

range of optical pulses and detection capabilities. In particular, the
optical detection is engineered to have a high signal to noise ratio
that has enabled us to successfully characterize very small changes
in optical intensities that are expected in high order MPA effects.
Full details pertaining to the z-scan measurement setup are pro-
vided in Sec. III. In Nth order MPA, N photons are absorbed with
the transition rate of the MPA process scaling with IN , where I is
the intensity of the incident light and N is the number of photons
involved. The transition rate is described by Fermi’s golden rule,
R = 2π/h̵∣Mif ∣

2ρ(Ef )δ(Ef −∑
n
En −Ei), where the transition matrix

Mif can be calculated from Feynman diagrams. N-PA in indirect
bandgap semiconductors has N vertex. Each vertex is proportional
to

√
I from the dipole interaction. The transition rate is propor-

tional to IN . The contributed number of photons is increased with
wavelength according to the relation, N ≥ Eg/hν, where N is the
lowest integer meeting the inequality, Eg is a bandgap energy, and
hν is the photon energy. Because of the relatively large bandgap
of GSS, very high order PA effects can be accessed at mid-infrared
wavelengths.

The open z-scan experiments were performed at wavelengths
between 1.6 µm and 6 µm. Higher order nonlinear absorption coef-
ficients are measured up to 11PA, but 12PA corresponding range
of wavelength 5.6 µm–6 µm is not measured since the variation
of transmittance in open aperture z-scan is in the level of detec-
tion error. The measured nonlinear absorption coefficients extracted
between 1.1 µm and 5.5 µm are shown in Fig. 2(a). The wavelength
range corresponds to 3PA-11PA [plotted using scaled units as repre-
sented in the caption of Fig. 2(b)]. In Fig. 2(b), we plot the absorption
per unit length as given by αNIN−1, where N is the MPA order, αN
is the Nth order MPA coefficient, and I is the peak intensity. At low
intensity, lower order MPA is stronger than higher order MPA. But,
the absorption by higher order MPA effects increases faster relative
to the lower orders as the peak intensity increases. For example, 6PA
is lower than 10PA at lower peak intensities lower than 25 GW/cm2,
but 10PA has stronger absorption than 6PA at intensities exceeding
25 GW/cm2.

The open z-scan measurements corresponding to the wave-
lengths where 4PA–12PA occur are shown in Fig. 3, where the char-
acteristic dip is easily resolved for measurement wavelengths cor-
responding to MPA effects from 4PA–11PA. In the measurement
region between 5.6 µm and 6 µm corresponding to 12PA, the open

FIG. 2. (a) MPA coefficients, N-PA in
the range of 1.1–5.5 µm in Ge23Sb7S70
glass, where N denotes the number
of contributed photons in the nonlin-
ear absorption. The units of nonlinear
absorption coefficients are shown in the
figure legend. Errors bars for the nonlin-
ear absorption coefficients are less than
size of points. (b) Absorption vs. peak
intensity of the MPA coefficients over the
input peak intensity according to αN IN−1.
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FIG. 3. The measured open z-scan plots (black dots) and fits to the theoretical open z-scan function (red lines) at 4PA–12PA. The open z-scan plots were measured at a
peak intensity not exceeding 50 GW/cm2.

aperture z-scan dip could not be experimentally observed even at a
high peak optical intensity of 50 GW/cm2. The optical intensity used
was intentionally limited to <50 GW/cm2, in order to avoid laser-
induced plasma breakdown and photo-induced structural changes
in the sample.

Three nonlinear optical effects other than that arising from the
GSS′ Kerr nonlinearity may also contribute to the effects observed in
z-scan measurements. These include thermal, free carrier, and sat-
urable absorption effects. In our measurements, the thermal effect
is expected to be negligible because the 150 fs temporal pulse width
of the laser is too fast for thermal nonlinearities to manifest, espe-
cially when compared to the electron-phonon coupling time scale of
∼1 ps. Furthermore, the heat generated dissipates with a time scale
on the order of ∼D2/4α, where D is the laser spot size and α is the
thermal diffusion coefficient. The GSS glass used in the experiments
has a dissipation time scale of 40 µs, which is smaller than the 1 ms
interval between pulses arriving on the substrate (laser’s pulse repeti-
tion rate is 1 kHz). Thus, any generated heat will dissipate before the
next pulse arrives thus precluding any possibility of thermal buildup.
The electrons excited by MPA may give rise to saturation absorp-
tion and free carrier effects. These effects can be described by the

expressions, d∆φ
dz′ = k(γI + σΥ) and dI

dz′ = −(α0I + αN
1+I/Is I

N), where
∆φ is the nonlinear phase distortion, z′ is the coordinate in the prop-
agation direction of the beam, k is the wave vector of the beam,
γ is the Kerr nonlinear refractive index, σ denotes the change in
refractive index induced by free carriers, N is the number of pho-
tons induced in the MPA, and Is is the saturation intensity. The
free carriers excited by MPA are described by Υ = ∫ t

−∞
αN IN(t′)

Nh̵ω dt′.
The free carrier term has an effect only on closed aperture z-scan
measurements, whereas the saturation absorption term has an effect
only on open z-scan measurements. The nonlinear absorption sat-
uration term can be expanded according to a Taylor series of I/Is,
αN/(1 + I/Is)IN = αNIN + αNIN+1/Is + ⋯. The nonlinear absorption
saturation effect can be characterized by investigating the nonlinear
absorption coefficient as a function of input intensity of light. The
measured nonlinear absorption coefficient will be a function of laser
intensity. The dependency was less than 10% in the GSS material
within 50G W/cm2 peak intensity. The nonlinear absorption satu-
ration effect could be ignored in this paper. Therefore, we conclude
that the dip observed in the open z-scan measurements is dominated
by nonlinear absorption induced by multi-photon transitions from
the valence band toward the conduction band.
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C. Experimental observation of photoluminescence
excited by multi-photon absorption

Electrons and holes excited by MPA can be relaxed via phonon-
electron interactions to smaller energy states (such as states within
the band) before recombination. In this case, photoluminescence at
wavelengths much longer than that corresponding to the bandgap
energy is possible. The existence of photoluminescence is further
evidence that the absorption dip observed in open z-scan measure-
ments is induced from MPA. Furthermore, observations of photo-
luminescence at longer wavelengths also provide information about
bandgap states created by defects. The measured photoluminescence
spectrum can also provide information about localized mid-gap
states, any influence from Urbach tails and shed light on how they
relate to the GSS glass formation process and the material’s resulting
structural arrangement.

We experimentally characterize photoluminescence of GSS at
the wavelength range between 0.6 µm and 1.7 µm using an exci-
tation pump located at 2 µm. Full details of the photolumines-
cence characterization method are provided in Sec. III. Figure 4(a)
shows the measured photoluminescence as the input laser inten-
sity is varied. The photoluminescence signal is observed to exist at
the wavelength range between 900 nm and 1700 nm, correspond-
ing to an energy of ∼0.32Eg–0.54Eg where Eg for GSS was previ-
ously shown to be 2.5 eV.31 The 3 dB bandwidth of the photo-
luminescence excited by the 2 µm pump spans from 1.27 µm to
1.7 µm and covers the complete O to L telecommunication bands.
The broad continuum of wavelengths where photoluminescence is
observed is expected from GSS’s amorphous nature. We postulate
that the presence of photoluminescence in this wavelength range
is due to the presence of localized mid-gap states. Early studies

pertaining to luminescence in amorphous semiconductors32 sug-
gests that the redshifted photoluminescence observed in Fig. 4(a) is
consistent with GSS being an amorphous material with charged dan-
gling states. The photo-induced electrons and holes are first trapped
by charged defects, before subsequently going through radiative
recombination and generating the PL signal in the process. FTIR
data of the GSS glass are used to extract the Urbach energy from the
fitting equation, logα = logα0 + (hν− hν0)/Eu, where α denotes the
linear absorption coefficient, hν is the photon energy, and Eu is the
Urbach energy. As shown in Fig. 4(d), the Urbach energy is extracted
to be 0.13 eV, a value that is too small to account for the photo-
luminescence observed in Fig. 4(a). It is therefore likely that the
observed photoluminescence is attributed to the presence of local-
ized mid-gap states, corresponding to a transition energy difference
∼0.32Eg–0.54Eg. The presence of localized states is also known to
alter the recombination lifetime between electrons and holes.33 The
recombination lifetime is shorter in localized mid-gap states than
in localized band edge states. This implies that the localized mid-
gap states enhance the recombination process over band edge states.
Figure 4(c) shows the locations and magnitudes of the energies asso-
ciated with the GSS film, as extracted using the photoluminescence
measurements.

For an Nth order MPA process, the generated photolumines-
cence intensity, PPL, is proportional to the intensity of the input
source according to the expression, PPL ∝ INin , where N denotes the
order of the MPA process, PPL is the photoluminescence power, and
Iin is the intensity of the input light source. The generated photolu-
minescence power is spectrally integrated and plotted as a function
of input power [see Fig. 4(b)]. The slope of the plotted data cor-
responds to the contributed number of photons in the nonlinear

FIG. 4. Photoluminescence in GSS stim-
ulated by 4-PA. The pump wavelength is
fixed at 2000 nm. (a) Measured photo-
luminescence of the GSS as the input
laser power is varied. (b) Integrated pho-
toluminescence power as a function of
laser input power showing the 4th order
power law relationship (c) Energy band
diagram illustrating the locations and
magnitudes of the energies associated
with the GSS film, as extracted using the
photoluminescence measurements. (d)
The Urbach energy of GSS is extracted
using FTIR to be 0.13 eV.
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absorption process. The value of the slope is extracted to be 3.9,
which is very close in value to the whole integer 4. This implies that
4-PA is the dominant effect here. Furthermore, the energy bandgap
of GSS previously characterized to be ∼2.5 eV implies that at a
pump wavelength between 1.98 µm and 2.48 µm, 4-PA should be
in effect. Therefore, the results obtained from photoluminescence
characterization are in good agreement.

Multi-photon excited photoluminescence of target molecules
has been used not only for their advantageous nonlinear properties
but to avoid structure deformation from strong linear absorption
in photosensitive amorphous glass systems. Well known examples
of photo-induced changes to chalcogenide glasses include photo-
diffusion,34 photo-fluidity,35 and photo-crystallization.36 In par-
ticular, photo-crystallization is a process which results in an irre-
versible structural change. Photo-induced structural deformation
can be minimized to maintain desired optical properties and per-
formance, with knowledge of MPA in the pumping process. Such
knowledge is critical in applications where high pump intensities are
required, such as supercontinuum or high harmonic generation.

D. Nonlinear refractive index enhancement from
defect states

Next, we characterize the Kerr nonlinearity of GSS in the short-
wave to mid-infrared wavelength range, spanning from 1.1 µm to
5.0 µm. Details pertaining to the characterization of the Kerr nonlin-
earity are provided in Sec. III. The Kerr nonlinear refractive index,

n2, quantifies the nonlinear optical phase modulation occurring in
a material and is a fundamental quantity needed for the design
of all-optical devices leveraging the third order nonlinear suscep-
tibility. The measured values are shown in Fig. 5. We measure a
peak n2 value of 4.4 × 10−18 m2/W, located at a wavelength of
1.2 µm. The peak wavelength is located close to the 2-PA edge,
in line with theoretical predictions from Kramers-Krönig relations
between the 2-PA coefficient and the nonlinear refractive index,
n2(ω) = c

π ∫
∞

0
βTPA(ω,ω′)
ω′2−ω2 dω′.37 The location of the n2 peak is slightly

redshifted from the two-photon absorption (TPA) edge of 1.13 µm
defined with the absorption coefficient of 102 cm−1. We postu-
late that this red-shift is attributed to localized states which arise
from the presence of defects. The band edge is not sharp, owing
to the presence of defects and the amorphous nature of the GSS
glass.

Kramers-Krönig relations predict a peak n2 value at the two-
photon edge, followed by a monotonic decrease and plateauing of
n2 at longer wavelengths. However, we observe from Fig. 5(d) the
presence of n2 resonance peaks at wavelengths, 1.9 µm (0.65 eV),
2.4 µm (0.52 eV), 3.2 µm (0.39 eV), and 4.5 µm (0.28 eV), located
at the number labels from (2)–(5). The observed enhancements in
n2 are postulated to be due to MPA effects in the presence of band
states. Figure 5(e) illustrates the possible transitions in the presence
of band states. Label (1) denotes the wavelength where the 2-PA edge
is located, between valence band and conduction band. Labels (2)
and (3) denote 2-PA between the valence-band states and the band

FIG. 5. Characterization of the nonlinear refractive index of Ge23Sb7S70 glass using closed aperture z-scan measurements. Measured closed aperture z-scan profiles of GSS
at wavelengths of (a) 1.2 µm, (b) 3.5 µm, and (c) 4.6 µm. (d) Measured Kerr nonlinear refractive index of GSS from 1.1 µm to 5.0 µm, where the red bars denote 10% error
bars in the measurement. (e) Schematic diagram for the role of band states on enhanced nonlinear refractive index.
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states, as well as that between the band states and the conduction
band states. The two-absorption resonance is related to the n2
enhancement predicted by the Kramers-Krönig relation. The non-
linear refractive index enhancement in (4) and (5) occurs as a result
of higher order nonlinear effects, namely, the fifth-order nonlin-
ear susceptibility, χ(5)(ω;ω,−ω,ω,−ω,ω). The fifth order nonlin-
ear susceptibility contributes to a higher order nonlinear refractive
index, n4, and generates a change in refractive index, ∆n, according
to the equation, ∆n = n4I2. The Kramers-Krönig relation pertaining
to n4 and 3-PA can be inferred as n4(ω) = c

π ∫
∞

0
β3(ω,ω,ω′)
ω′2−ω2 dω′, where

β3 is the 3-PA coefficient. n4 possesses the highest value at the three-
photon resonance edge. The width of the band states can be obtained
as 0.54 eV, from the measured PL in Fig. 4(a), ∼0.32Eg–0.54Eg. The
PL broadening is from mainly the broaden band states since the elec-
tron and hole reach edge states after faster recoil dynamics of the
carriers by phonons than the radiational recombination. The posi-
tion of band states in the energy diagram can be extrapolated from
the location of n2 resonant peaks. This may be done by using the
expression x + y + Eb = Eg, where x denotes the energy difference
between the valence band and band states, y is the difference between
the conduction band and band states, Eb = 0.3 eV is the estimated
shift in the band edge from the Urbach energy, and Eg = 2.5 eV
is the bandgap energy. We note further that this is an estimated
value because the exact density of states in the bands is unknown.
We postulate further that the resonant two photon absorption at
1.9 µm (0.65 eV) and 2.4 µm (0.52 eV) and the resonant three pho-
ton absorption at 3.2 µm (0.39 eV) and 4.5 µm (0.28 eV) could be
used to obtain the following equations, x ∼ 2 × 0.65 eV ∼ 3 × 0.39 eV
and y ∼ 2 × 0.52 eV ∼ 3 × 0.28 eV. Consequently, we derive approx-
imate values of x and y as ∼1.2 eV and ∼1 eV, respectively. The gap
energy between valence band and band states of 1.2 eV and the gap
energy between the conduction band and band states of 1 eV agree
relatively well and provide a good explanation as to the cause of the
observed resonant peaks in n2.

As predicted by Kramers-Krönig relations that govern n2 and
the two-photon absorption coefficient, in the absence of band states,
the n2 value should plateau at wavelengths beyond 2.5 µm. The
n2 value for GeSbS at the plateaued region can be estimated as
4 × 10−19 m2/W at 3.8 µm or 5 µm (wavelengths far from the TPA or
3PA resonance regions). The n2 value at 3.3 µm is 10 × 10−19 m2/W.
Consequently, it means that there is a resonant enhancement in the
n2 value from 4 × 10−19 m2/W to 10 × 10−19 m2/W as a result of
existing band states.

III. METHODS
A. Ge23Sb7S70 material growth

Bulk chalcogenide glasses of GSS were prepared by a con-
ventional melt-quenching technique. All glasses were prepared
using high purity raw materials (metals basis) from Alfa-Aesar: Ge
(99⋅999%), Sb (99⋅999%), and S (99⋅999%). These elements were
carefully weighed and batched in a nitrogen purged MBraun Lab-
master 130 glove box. The weighed batches were loaded into cleaned
fused quartz tubes and sealed under vacuum using a methane-
oxygen torch to form sealed ampoules. The batches were melted in a
rocking furnace overnight at a melting temperature, Tm = 850 ○C.
After overnight rocking at elevated temperature, the furnace was

then cooled to the quench temperature, TQ = 800 ○C, prior to
removal from the furnace for quenching which was performed
by natural convection in air using compressed air flowing over
the ampoule. To minimize the quench-related stress, glasses were
annealed at 270 ○C for 2 h and cooled to room temperature. The
prepared glass rods were removed from the ampoules and cut and
grinded into multiple specimens with a dimension of 6 mm × 6 mm
× 2 mm using a slow speed saw and a silicon carbide grinding paper
with fine grit sizes, respectively. The specimens were subsequently
polished on both sides using a polishing pad with 0.05 µm Al2O3
slurry.

B. Nonlinear characterization
The z-scan method is used to characterize nonlinear optical

properties of the GSS material. The laser beam is focused by a
CaF2 lens with a focal length of 75 mm, and the sample is scanned
in the z-direction. The induced nonlinear phase from the sample
changes the transverse light intensity on the far field screen. An aper-
ture is used to measure the changed transverse distribution of the
intensity. Open aperture z-scans allow us to extract information on
the multi-photon absorption. The multi-photon absorption coeffi-
cients were extracted by performing a numerical fit to the expres-
sion, TnPA = 1/{1 + (N − 1)αNL(N)

eff [I00/(1 + (z/z0)2)]N−1}1/(N−1),
where N is the contributed number of photons, αN refers to the
absorption coefficients, I00 is the peak intensity of the beam at the
focal point, z0 is the Rayleigh length, and L(N)

eff is the effective thick-
ness of the sample. Closed aperture z-scan measurements are used
to obtain the nonlinear refractive index. We exploited 40% trans-
mittance of the aperture to extract the nonlinear refractive index
by fitting the function, T = 1 + 4∆φz/z0

[1+(z/z0)2][9+(z/z0)2] , where ∆φ
= 2πI00Leffn2/λ is the nonlinear phase. Optical pulses with a tem-
poral duration of 150 fs with 1 kHz repetition rate in the wave-
length range from 1.6 µm to 6 µm are generated using optical para-
metric amplification and difference frequency generation from a
Ti:Sapphire laser pump. A peak power less than 50 GW/cm2 at the
focal point is used to avoid laser damage of the GSS sample. The cal-
culated Rayleigh length for the z-scan setup is between 3.1 mm and
9.4 mm. The GSS sample is 2 mm thick and therefore smaller than
the Rayleigh length and satisfies the thin sample condition. The main
cause of noise in the z-scan method is from the laser power fluctu-
ation. To maximize the signal to noise ratio, the laser is split using
a 50:50 CaF2 beam splitter to create a reference beam. The trans-
mitted optical power may then be normalized by the reference beam
such that laser fluctuation effects are reduced by 90%. Additional
noise reduction is achieved by averaging of the measurements. The
approach we used allows very small intensity changes in the open
aperture z-scan measurements to be detected.

C. Photoluminescence characterization
To measure the photoluminescence of the sample, a Mid-IR

pump beam with a wavelength of 2 µm corresponding to 4-PA is
used. The pump beam has a spectral bandwidth of 50 nm and a
temporal width of 150 fs. The optical line filter having optical den-
sity (OD) larger than 5.5 is used to eliminate spontaneous radia-
tion from the laser source that contributes to unwanted noise. The
luminescence is collected by a reflective collimator. To minimize an
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unwanted collection of the pump beam, the reflective collimator is
marginally tilted from the pump beam direction and a short pass fil-
ter with OD larger than 6 is used to minimize unwanted collection of
the pump beam. An optical spectrum analyzer with high resolution
and a very low noise floor level of −100 dBm in the scanning spectral
range of 0.6 µm–1.7 µm is used to analyze the spectrum of the 4-PA
excited photoluminescence.

IV. DISCUSSION
We have previously characterized the nonlinear refractive

index of GSS in a planar form. At the 1.55 µm wavelength, the
nonlinear refractive index characterized via self-phase modulation
experiments in GSS waveguides was 3.71 × 10−18 m2/W, which is
similar to the value of 2.0 × 10−18 m2/W measured here using bulk
GSS samples. It has been documented previously that certain classes
of chalcogenide glasses possess different nonlinear behavior in bulk
form versus film form for some ChGs. As noted in Refs. 38 and 39,
binary or simple isostructurally similar (S–Se) ternary glasses con-
taining 3-coordinated (As) and 2-coordinated (S/Se) species can
show significant variations in their bond arrangements (angle and
lengths) between the bulk and film states. Additionally, the energet-
ics of such deposition techniques can also enhance how far away the
resulting film is from the lower energy, (near-) equilibrium configu-
ration observed in bulk glasses.12 Such structural variation is due to
the presence of isostructural, 2-coordinated S, and Se, which impacts
the layer-like characteristic in As–S–Se glasses. The lower MCN of
such glasses imparts a degree of flexibility to the structure to rear-
range during the deposition process. This creates a greater potential
variation in the glass structure and properties. Ge–Sb–S has a higher
MCN and rigidity and thus possesses less variation in network con-
firmation between its bulk and thin film forms. For this reason, one
expects less variability in how the structural units arrange themselves
during deposition, resulting in a smaller variation in the bulk/film
property.

The high order multi-photon absorption demonstrated in this
manuscript may be useful for bio-imaging applications. Higher pen-
etration depths, low in situ damage, and greater spatial confine-
ment availed through very high order multi-photon absorption may
be advantageously leveraged for improvements in bio-imaging sys-
tems. To facilitate imaging of biological specimens or nanostruc-
tures, GSS may be utilized as labels of biomaterials, particularly in
nanostructured forms such as GSS quantum dots or nanoparticles.

To date, observations of MPA-induced stimulated emission
have been limited largely to solution-based chemicals. 3- and
5-PA excited stimulated emissions have been reported in (4-[N-
(2-hydroxyethyl)-N_-(methyl)amino phenyl]-4’-(6-hydroxyhexyl
sulphonyl) stilbene) chromophores40,41 and fluorophores respec-
tively.42 Gold nano-antennas were also reported to exhibit four-
photon induced photoluminescence. The demonstrated excitation
of fluorescence using 4-PA in GeSbS avails the ability to cast the
material into planar, nano-structured devices that could be leveraged
for photonic integrated circuits, beyond the form availed by purely
solution-based chemicals. Of note, the 4-photon observed photolu-
minescence possesses a 3 dB bandwidth from 1.27 µm to 1.7 µm and
covers the complete O– to L–telecommunications bands.

Furthermore, the ability to quantify very high order MPA coef-
ficients of up to the eleventh order is an unprecedented capability

and provides the fundamental quantities needed for the design
of systems leveraging high-order PA effects. Knowledge of MPA
coefficients is instrumental to estimating the probability of multi-
photon transitions occurring and therefore provides quantitative
information regarding the number of photons or incident optical
intensity required for a specific system.42,43 The demonstration of
very high order MPA up to the 11th order brings us a step closer
toward the design of optical systems that leverage the unparalleled
resolution and dynamic range availed by high-order multi-photon
transitions.

V. CONCLUSION
Very high order MPA coefficients of GSS were measured up to

the 11PA coefficient. The ability to quantify very high order MPA
coefficients was enabled by a high sensitivity detection system in
the z-scan setup. The dispersive Kerr nonlinear refractive index of
GSS in the mid-IR range was also measured and exhibits its peak
value near the 2-PA edge, in line with Kramers-Krönig relations
between Kerr nonlinear index and 2-PA. Enhanced n2 values were
experimentally observed at wavelengths corresponding to two- and
three-photon resonances between extended states and midgap states.
The nonlinear refractive index enhancement by existing defect states
is an important result that shows that nonlinear optical properties
of materials can be tailored by careful control of defects. Photolu-
minescence measurements provided evidence of mid-gap states in
the GSS material, corresponding to a transition energy difference
∼0.32Eg–0.54Eg. It was further shown that photoluminescence in
the GSS film could be stimulated with 4-PA, a feature that could
bring about significant new pathways for light generation in pla-
nar photonic nano-devices. The observation of photoluminescence
at wavelengths much longer than usual is an outstanding result, as it
provides critical information on localized bandgap states generated
by valence defects.

The reported results are significant for future development
of photonic systems leveraging very high order MPA such as
high resolution, non-invasive imaging, biomedicine, and precision
metrology.
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