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Linear and nonlinear optical properties
of co-sputtered Ge-Sb-Se amorphous thin films
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Amorphous thin films co-sputtered from GeSe: and
Sh>Se; targets were investigated for potential
applications in the field of nonlinear optics. Depending
on the sputtered film composition, linear optical
properties were studied by ellipsometry. Kerr coefficient
and two-photon absorption coefficient were estimated
using Sheik-Bahae’s formalism for co-sputtered films of
GeSes-SbzSes compared to GeSe:z-Sb:Ses pseudo-binary
system and As:Se; as reference. Kerr coefficient was
found within the range of 4.9-21x101% m?W-1,
Quantitatively by means of figure of merit at 1.55 pm,
thin films with compositions of Ge7SbzsSess and
GesShzoSe71 having estimated Kerr coefficient of about
10.1x10® m2W1 and 13.4x10® m2?W-1 should be
considered for the future nonlinear optical integrated
platforms. Such compositions being close to
(GeSe4)so(SbzSes)so pseudo-binary (ie. Ge7.sSbzsoSes7s)
provides just the trade-off between high Kerr coefficient
and low optical losses related to two-photon absorption.

http://dx.doi.org/10.1364/0L.99.099999

Chalcogenide glasses and amorphous thin films possess a
variety of properties, which make them attractive in the field of
phase-change memories, (bio)chemical sensors, solar cells, NWIR,
MWIR and LWIR photonics etc. These are the low phonon energies
responsible for wide transmission window in the infrared spectral
range enabling rare-earth ions emissions in MWIR and LWIR,
photoconductivity, photosensitivity and high optical nonlinearities.
The later include an ultrafast all-optical signal processing while
having the third-order nonlinearities between 2 to 3 orders of
magnitude greater than silica (nz = 3.2 x 102 m?W-) [1]. High
optical nonlinearities in these materials make them suitable for
waveguides and heterostructure-based nonlinear optical devices
[2-5]. Nonlinear (NL) effects in silicon waveguides at the
telecommunication wavelength (ie. 1.55 pm) have been studied

extensively so far. However, NL losses in silicon due to the
absorption by free carriers generated via two photon absorption
(2PA) limit conversion efficiencies. For their part, possible
limitation of amorphous chalcogenides may come with relatively
low optical bandgap energies, often correlated with high multi-
photon absorption [6], such as 2PA, which may exceed ~0.3
cm-GW at telecom wavelength depending on composition [4, 7].
Another disadvantage of chalcogenides may lie in their
photosensitivity, which has so far not been taken into account in
the figure of merit, in order to predictively select the really most
suitable compositions before getting on the manufacture of
nonlinear optics (NLO) integrated platforms. Given the growing
interest in integrated optics for NLO applications, the study of
amorphous chalcogenides thin film allows us to evaluate their
potential applicability as slab, rib, micro-resonator or
heterostructure waveguides for third order nonlinear devices.
Physical vapor deposition techniques such as evaporation [8],
pulsed-laser deposition [9] or radio-frequency (RF) sputtering [10]
have been shown to be suitable approaches for the fabrication of
amorphous chalcogenide thin films of desired optical quality.
Specifically, RF co-sputtering is a deposition technique convenient
for the studies of compositional dependencies of various physical
and chemical characteristics of chalcogenide thin films such as
optical properties, structural properties, photosensitivity, phase-
change kinetics, solar cells efficiency etc. [11-17]. Several two-band
models have been proposed in order to theoretically predict the
Kerr coefficient nz and 2PA coefficient § for semiconducting
materials [18-20]. None of these however, takes into account the
localized states in the gap of non-crystalline solids [21]. However, it
has been already shown by several authors that the Sheik-Bahae’s
model, originally developed for direct-gap crystalline
semiconductors, may serve as a rough approximation for the
estimation of nz and f for non-crystalline chalcogenides [7, 22, 23].
In present work, potential use of amorphous chalcogenide films
from ternary Ge-Sb-Se system in the field of nonlinear optics is
discussed. The thin films were prepared by co-sputtering from



GeSe: glass-ceramics and SbzSes polycrystalline targets. The GeSes
target was selected based on the promising results for the
limitation of optical losses in the mid-IR [24], for the presence of
Se-Se bonds with their lone electron pair contributing to large
nonlinearities [25, 26] and that of Sb2Ses for its ability to enhance
the NL coefficient of Ge-Se system [19, 27]. The suitability of these
materials for NL applications is predicted based on n; and f
calculations considering the figure of merit. Furthermore, near-
bandgap light irradiation study may provide a valuable
information about the photo-stability of fabricated films and hence
their potential ability to be used for nonlinear optical applications
in the near infrared domain.

Amorphous Ge-Sb-Se thin films were co-sputtered using two
targets: GeSes target prepared by conventional melt-quenching
technique and commercial polycrystalline Sbz2Ses target (American
Elements Corp., Los Angeles, CA, USA). Conditions of the deposition
process can be found elsewhere [11]. Thin films were deposited
onto two different substrates, specifically borosilicate glass (Schott,
BK?7) for spectroscopic measurements and photosensitivity and
single crystalline silicon (100) for determination of composition
and morphology facilitating the flow of charges for EDS-SEM and
surface topography. Surface topography measurements were
carried out using amplitude-modulated atomic force microscope
(AM-AFM, Solver Next, NT-MDT Co., Moscow, Russia) with
scanned area of 5x5 pm?2. Chemical composition of co-sputtered
films was determined by energy-dispersive X-ray spectroscopy
joined with scanning electron microscope (EDS, JSM 6400-
OXFORD Link INCA, JEOL Ltd, Tokyo, Japan). Optical bandgap
energy (ES") and linear refractive index dispersion of prepared
thin films were determined from spectroscopic ellipsometry
(VASE, J. A. Woollam Co., Inc, Lincoln, NE, USA) data using Cody-
Lorentz oscillator model [28]. Working range of the ellipsometer
was 300-2300 nm. Optical bandgap energy and refractive index
dispersion curves were used for the estimation of nonlinear optical
properties of co-sputtered films. Moreover, thin films were
exposed by near-bandgap light for 180 minutes in order to
examine the optical response of optical bandgap energy (AEgL)
and refractive index (4no). Irradiation wavelength (1) was chosen
with respect to the penetration depth. In order to prevent the
surface of films from photo-enhanced oxidation, samples are
placed in the cell filled with pure argon [11]. Ge-Sb-Se films co-
sputtered from GeSes and SbSe;s targets applying various electrical
power ratio were found to be of a good optical quality. Optical
bandgap energy of co-sputtered films covers the range between
the two extreme values of single-cathode depositions of individual
targets (sputtered), specifically 1.97 and 1.35 eV for GeSes and
Sh2Ses, respectively. Corresponding refractive index at 1.55 pm
(no) for these two films is 2.44 and 3.33 (Fig. 1a, 1b, Table 1).
Moreover, the AFM scans confirmed a good quality of the surface.
As shown in the Fig. 1c, RMS roughness of prepared films
decreases with increasing antimony content, ie. with higher
electrical power applied on Sb.Ses target. While the surface of
sputtered GeSes film has a grainy surface even if it is amorphous,
shifting the composition of the GeSes-Sb2Ses pseudo-binary
towards Sbz:Ses seems to monotonically reduce the grains by
means of both size and amount resulting in low RMS roughness
values. Thin films rich in selenium were found repeatedly to
undergo slight photodarkening (PD) when irradiated by near-
bandgap light, which is represented by negative values of AES"
(table 1). Although the measurement uncertainty is important, the

trends are significant and reproducible. The magnitude of PD
becomes smaller when the antimony content exceeds ~25 at. %.
However, this may be caused by the decrease in selenium content
as evidenced by the coefficient R tending towards the value
corresponding to the stoichiometry (R=1 for stoichiometric
composition) observed during the shift of the composition of the

GeSes-SbaSes pseudo-binary towards that of SbaSes.

Fig. 1 (a) Ternary contour diagrams showing the variation of
optical bandgap energy and (b) refractive index at 1.55 um for the Ge-
Sb-Se co-sputtered thin films - plotted data from table 1 and previous
work [11]. (c) AFM scans (area of 5x5 pm?) of GeSes, Ge7.4Sb24.5S€es81
and Sb;Sez with RMS roughness values; values of z axis are in
nanometers.

Irradiation wavelengths together with the magnitude of changes
in optical energy bandgap and refractive index for selected
samples are listed in table 1. Only small changes if any in refractive
index at the level of the uncertainty of refractive index
determination from ellipsometric measurements (ie. £0.01) were
observed for SbssSes1 and Ge7SbzsSess samples (Table 1). The
attenuation of the photosensitivity with an increasing Sb content in
ternary Ge-Sb-Se thin films has been reported within several
publications [11, 29].

Table 1 Summary of co-sputtered films with composition (+ 1
at. %) and chemical threshold R, thickness I (+ 2 nm), optical
bandgap energy ES" (+ 0.02 eV), refractive index at 1.55 pm
no (* 0.01), irradiation wavelength 1 (nm) and irreversible

photoinduced changes in optical bandgap energy AEf,L (*
0.02 eV) and refractive index Any (+ 0.02).

Composition 1 ES Aire

@ | R @m) @ "™ om  2E | Ano
GewSew|205 710 197 244 5935 -0.02]0.01
GewsSbeSew |220 740 187 256 635  -0.05 |-0.01
GesSbioSer7|1.87 690 182 259 635  -0.04]0.00
GenSbusSers|1.76 650 177 266 656  -0.01 |-001
GesSbzSen|147 690 168 276 730  -0.01|0.01
GesSbasSess|132 820 161 286 730  -0.04]0.02
GesSbSess|120 720 155 295 730  0.00]0.00




0.010.00
0.010.02

GesSbssSesz | 1.06 720 147 312 785
SbsoSest | 1.06 680 135 333 808

Kumar et al [30] reported the crossover from PD to
photobleaching (PB) when the composition changes from Ge-
deficient to Ge-rich GexSe1oox evaporated films. In their work, the
PD in Se-rich GesSeioox films induced by monochromatic source
(%=532 nm) with the beam power density of 500 mW.cm? is
considered to be coming from photo-enhanced crystallization of
amorphous selenium in Ge-Se matrix as concluded from Raman
measurements [30]. In contrast, Zhang et al. have found PB effect
even in Ge-deficient sputtered GeissSess2 when irradiated by 655
nm laser source at various beam power densities [31]. Lin et al
have suggested that the PD in Ge-Sb-Se co-sputtered films
(employing GeSez and Sb targets, respectively) induced by Air=655
nm with [=200 mW.cm? is caused by Sb-Sb and Ge-Ge homopolar
bonds’ formation during the irradiation while PB is the result of
homopolar bonds’ decomposition with a simultaneous formation
of new edge-sharing [GeSes/2] tetrahedra [14]. Therefore, both
structural-dependence and the compositional one should be
probably taken in account to explain the observation of a PD films
in the case of a Se over-stoichiometry and a reduced antimony
concentration of our co-sputtered films. Selenium chains seems to
have a significant influence on the PD occurrence. The band-gap
energy variations are tenuous and Raman spectroscopy was
recorded in these films and does not seem to be able to respond
significantly to these structural modifications which are probably
very weak and potentially essentially related to a conformational
change in the Se chains or dimers impacting the electronic
structure of the amorphous matrix.

The Kerr coefficient nz and 2PA coefficient § at the 1.55 pm
telecommunication wavelength were estimated by Sheik-Bahae’s
formalism originally developed for direct-gap crystalline
semiconductors [20]. Because the studied films are considered as
indirect-gap amorphous semiconductors, Sheik-Bahae’s formalism
should be taken only for a rough approximation. Nevertheless, the
estimated uncertainty of such calculations is at least 15 % of nzand
B considering the uncertainty of ellipsometric measurements and
data fitting and related to the deviation from the measured
experimental values. Estimated values of nz and £ for Ge-Sb-Se co-
sputtered films depending on the optical bandgap energy are
plotted in fig. 2a and 3a, respectively. Values of nzand S for GeSes,
SbzSes, AszSes sputtered thin films deposited at the same
conditions from single cathodes are also presented in those
figures; with Ej of 1.70+0.02 eV values of nz and S were calculated
for co-sputtered Ge-Sb-Se films and sputtered GeSe: thin film
elaborated in previous work [11]. The highest nonlinearity by
means of Kerr coefficient was found in thin film with composition
GesSbasSes2 having value of nz of 2.1 x 10177 m?W-L. The lowest nz of
4.9 x 108 m?W-! was estimated for sputtered GeSes thin film. The
shape of the curve in fig. 2a clearly reproduces the shape of the
dispersion function Gz given by eq. 6 in reference [20]. Estimated
values of nz depending on no are compared to available references
as depicted in fig. 2b. First, Wang et al. measured nonlinear optical
properties at 1.55 um of various bulk glasses including Ge-Sb-Se
ternary system using z-scan technique [7]. Moreover, Olivier et al.
determined values of n: and B of bulk glasses from
(GeSez2)100-x(Shz2Ses)x (x=5, 10, 20, 30, 40 and 50) system at 1.55 um
using beam self-trapping technique [27]. Calculated values of Kerr

coefficient in the present work are in a very good agreement with
values of nz reported in mentioned two references. The data from
work of Tichy and Ticha calculated by generalized Miller rule using
Wemple-DiDomenico single oscillator model are not in perfect
agreement with values of nz considering the fact that these values
represent the Kerr coefficient at the infinite wavelength (A->0),
[32]. Values of nz are also in a good agreement with experimental
values obtained by Kuriakose in Ge-Sb-Se chalcogenide slab
waveguides using beam self-trapping technique [33]. Noteworthy,
good accordance with semi-empirical Miller’s rule was found for
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Fig. 2 (a) Dependence of nzat 1.55 pm on E gL of co-sputtered Ge-Sb-Se
thin films (this work and reference [11]) and sputtered Sh:Ses, GeSez,
GeSes and AszSes thin films; values of n: obtained by Sheik-Bahae’s
formalism using no(A) and ES" determined by ellipsometry. (b)
Comparison of nz depending on no of Ge-Sh-Se co-sputtered thin films
calculated using Sheik-Bahae’s formalism at 1.55 pm with references:
Halenkovic¢ et al. (Sheik-Bahae’s formalism for co-sputtered GeSez-
ShzSes films) [11], Wang et al. (z-scan measurements of bulk glasses of
~2 mm thickness) [7], Olivier et al. (beam self-trapping technique
measurements of bulk glasses of ~2 mm thickness) [27], theoretical
values of nz (generalized Miller rule by Ticha and Tichy for Ge-Sb-Se
bulk glasses) at A> o0 [32], Kuriakose (beam self-trapping technique
measurements of Ge-Sb-Se waveguides) [33] and semi-empirical
Miller rule (dashed curve); c and m in brackets stand for calculated
and measured data at 1.55 pm, respectively.

Figure of merit (FOM) is considered as an expression of a
performance of nonlinear device at a specific wavelength 1. Due to
the presence of Heaviside step function in the dispersion function
F> within Sheik-Bahae’s formalism [20], § equals to zero at
energies less than half of the bandgap (fig. 3a). In other words,
considering the telecommunication wavelength of 1.55 um (0.8
eV) as desired wavelength, the optical bandgap energy of the
material 21.60 eV leads to the f = 0 and the FOM according
FOM=nz/A cannot be obtained. However, amorphous
chalcogenides are generally considered as non-direct gap
semiconductors and the 2PA may be expected to be nonzero even



at the energies below Egz/2. Moreover, values of § depend on both,
the measurement technique and the optical bandgap energy [7, 27,
34]. In order to evaluate the FOM for thin films having ES*>1.60 eV
in the present work, the value of § was set to 1x10-11 m-W-! for all
these films. This assumption is based on reference [27] data where
B at 1.55 pm determined by beam self-trapping technique did not
exceed this value in (GeSez)100-x(Sb2Se3)x bulk glasses. FOM of all
the co-sputtered films including those from the reference [11]
depending on linear refractive index no at 1.55 um is plotted in the
fig. 3b. According to these results, the highest FOM in co-sputtered
GeSes-Sbh2Ses is found within the films with the composition
GerSbasSess  (FOM=0.86) and  GesSbaSerr  (FOM=0.65).
Corresponding nz values for these two films are 1.34 and 1.01 x 10
17 m2W-! respectively. We note that the FOM of sputtered AszSes
thin films was found to be 0.58 at 1.55 um. For comparison with
compositions close to those presented in this Letter, Olivier et al
obtained FOM of 1.60 at the same wavelength in the bulk glass of
Ge125SbzsSeszs. This glass was found to have nz of 2.03+0.3 x 1077
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m?W- according to beam self-trapping measurements (no=2.89,
E§*=1.70 eV) [27]. It should be noted that co-sputtered films of Ge-
Sb-Se possess lower E;L with respect to bulk glasses in the
reference above. Moreover, Wang et al. obtained much larger
values of FOM (>52) for GeisSbioSers (Ej*“=1.72 eV). However,
2PA coefficient £ in their work was found to be <0.01 x 10 m'W*
according z-scan measurements enlarging the value of FOM [7].

Fig. 3 (a) Dependence of at 1.55 pm on E5* of Ge-Sb-Se thin films. (b)
Dependence of FOM at 1.55 pm on the linear refractive index. Both
panels contain calculated data for Ge-Sbh-Se co-sputtered films from
this work and from reference [11] and sputtered Sb:Ses, GeSez, GeSes
and AszSes thin films; values of f# were obtained by Sheik-Bahae’s
formalism using no (A) and ES* determined by ellipsometry .

Due to the attenuated photosensitivity in combination with
large optical nonlinearities, Ge-Sb-Se thin films from GeSes-SbzSe3
pseudo-binary system seem to be a reasonable alternative to
widely used AszSes (FOM=0.58) amorphous chalcogenides as well
as to previously studied GeSez-SbzSes pseudo-binary system

exhibiting lower content of selenium (highest FOM=0.73).
Quantitatively by means of figure of merit at 1.55 um, thin films
with compositions of Ge7SbasSess and GesSbzoSes1 have to be
considered for the future nonlinear optical integrated platforms.
Nevertheless, caution should be considered with regard to the
FOM because of the difficulty in determining an accurate and
reliable value f3 for a band gap 21.60 eV. It is therefore necessary to
experimentally verify these predictions so that these Ge-Sb-Se
films do not exhibit photosensitive effects that are detrimental to
the temporal perennial properties of NLOs [27].
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