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Thanks to their unique optical properties Ge—Sh—S—S&e amorphous chalcogenide materials and
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Chalcogenides are commonly de ned as non-oxide compounds containing at least one chalcogen element suct
as S, Se and/or Te (belonging to group 16 of O) alloyed with electropositive elements (more o en elements of
group 15 (As, Sh, Bi) and/or group 14 (Si, Ge, Sn, Pb)). Chalcogenide exhibit a unique portfolio of properties
which has led to their wide use for non-volatile memory applications such as optical data storage (CD-RW and
DVD-RAM), Conductive-Bridging Random Access Memory or Phase-Change Random Meoess/. More

recently, thanks to the huge electronic nonlinearities and discontinuity [in particular the Ovonic reshold
Switching (OTS) mechanism] observed in some chalcogenide glasses (CGs) under electrical eld application,
the latter are considered as the most promising materials to be used as innovative selector element in 3D memor
array$®. Besides, thanks to a high transparency window in the infrared range and largeoplicaéritie$®,
chalcogenide glasses o er also opportunities for elaboration of innovative mid-infrared (MIR) components such
as MIR super-continuum (SC) laser sources, optical sensors, IR micro-lens arrays and all-optical integrated
circuit$’. e potential of amorphous semiconductors for optical applications is already demonstrated but the
progresses in glass science is still behind crystal science due to inherent complexity of highly disordered systen
hindering thus their structural description and theoreticadelling®. Up to now, state-of-the-art of MIR SC
generation have been achieved by using mainly chalcogenide compounds containing ArsenidssBcanas

As,Sg bres®!0or GeAsSe ritvaveguide’s. However, the R.E.A.C.H. European recommendation (https://echa.
europa.eu/regudtions/reach) as well as a recent publication from the World Health Organization (https://www.
who.int/ipcs/assesnent/public_heatt/chemicals_phc/en/) have both identi ed Arsenic as one of the ten most
harmful chemicals for human health. As a result, developing new materials using less and less harmful or rare
element is a huge challenge for the materials science.

In that context, the aim of the present study is to develop As-free amorphous chalcogenide thin ims com
patible with CMOS technology of microelectronics and photonics. e ultimate purpose would be to give clear
clues to select the most suitable chalcogenide compositions exhibiting the best trade-o between stability and
optical properties in order to enable future achievement of passive and active on-chip MIR components such
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as MIR optical waveguides or portable SC laser sources. To this aim, a wide composition range of amorphou:
GeSpSSeTe, chalcogenide thin Ims were deposited on 200 mm Si-based substrates by means of magnetron
co-sputtering technique. Despite the ability of such technique to permit a fast and easy study of a wide range o
chalcogenide thin Ims’ compositions, only very few studies of the optical properties of co-sputtered €halcoge
nide Ims have been reported in literatwyet>24 Since the local structure of glasses determines their physical
properties, a rst description of the amorphous structure of the (co-)sputtered chalcogenide Ims was probed by
means of Raman and Fourier-transform infrared (FTIR) spectroscopies. en, modelling of the spectroscopic
ellipsometry data acquired on as-deposited thin Ims permits to determine their linear optical constants in the
visible to near infrared range. From these experimental data and by using the well-known Sheik—Bahae model
a rst evaluation of thein, Kerr refractive index is given in order to get better insight on their nonlinear optical
properties. Moreover, the thermal stability of all deposited thin Ims was probed by monitoring their optical

re ectivity during annealing unde, atmosphere. Finally, some of theSRSS¢Te, compositions are shown to

exhibit an optimized compromise between the good glass stability (but limited transparency window) of S-based
chalcogenide and the high 3rd order nonlinear refractive ingélsut low thermal stability of the amorphous
phase) of Te-basedmpositions>'6. Besides, we reveal the major impact of Sb introductiGefandGeSe

binary as well a6e§S¢ andGeSgTe, ternary compounds on the amorphous structure and therefore on the
optical properties of chalcogenide thin Ims obtained by co-sputtering deposition technique.

Methods _ _ ~

SfZ.."%te<td —Sce nZee T’ ec—c'e fotf | faamorpholsfhgicogenid ttom f — o
Ims were obtained by means of (co-)sputtering on 200 mm Si(001) substrates from either a single or up to
simultaneously three targets of pure chalcogenide compounds. Before (co-)sputtering deposition, we did not
perform any particular surface preparation of the Si substrates. Indeed, the substrates are standard high-quality
microelectronic Si wafers with high purity and very low surface contamination and covered, as usual, by a few
nm thick thin layer of native silicon oxide. e Ims’ thicknesses were either xed to 100 nm or 200 nm. e
compositions of sputtering targets w&e, S0 G&:Ssa G54 GaSe, Ga,lTes pure Sh and pure Ge. e
targets were sputtered by magnetron sputtering with an Ar plasma either achieved by using radio frequency
(RF) at 13.56 MHz or direct courant (DC) plasma discharges. It is well known that deposition parameters of
magnetron sputtering technique, such as Argon gas ow, substrate temperature, deposition vessel geometry, RI
or DC plasma, applied power on targets and deposition pressure especially can play a major role on the densit)
composition and structure of the thilms -2 In this study, all deposition were made using the same Ar ow
and the deposition pressure was kept atSrhBar. Note that due to geometry and deposition conditions in our
multi-cathode chamber, the substrate temperature was kept very close to room temperature during deposition
of chalcogenide Ims.

e di erent compositions of the sputtered Ims were obtained by varying the power applied to the targets
between 10 and 220 W (see Sect. 1 of the Supplementary Information). Note that a slight composition deviation
between targets and deposited Ims can occur. is is the result of the di erent sputtering yields between chemi-
cal elements due to a selective atoms-ions interactions. is e ect also depends on the deposition conditions
such as applied power or aging of the targets. For instang&;, andGe;S;, thin Im samples were obtained
by means of sputtering of the sa@®e,S;; target and in the same deposition conditions. e slight deviation of
composition is probably due to aging of the target a er a high number of deposition cycles. is variation is of
the order of the accuracy level of characterization methods used to determine Ims’ composttians%p).
However, this trend on compositions is also con rmed by changes of properties and amorphous structure of
these Ims as shown in the following.

e di erent compositions of the Ims were adjusted by varying the deposition rates ratio in between the
di erent sputtering targets during the co-sputtering deposition. en, the obtained compositions were veri ed
by means of Wavelength Dispersive X-Ray Fluorescence (WDXRF) and/or ion beam analysis (Rutherford Back
Scattering (RBS) and Particle Induced X-Ray Emission (PIXE) measurements).

Immediately a er deposition all Ims were transferred under high vacuum in a second deposition chamber in
order to be capped by a 10 nm th&ik, protective layer. is nitride layer deposited by reactive RF magnetron
sputtering of a pure Si target under Ag/téactive atmosphere is shown to be highly e cient to protect chalco
genide thin Ims from surface oxidation since chalcogenides are particularly prorigl&ion'®2°2%, We must
note that duringSiN, deposition the temperature of the chalcogenide thin Im samples can reach up to 180 °C
due to thermal heating resulting from RF sputtering of the Si target. We note that since this temperature is below
the glass transition temperature of our chalcogenide samples, it is expected to have no detrimental impact or
the Ims, as already studied for similar chalcogenide bulk glasses anldngf>>".

In order to get a rst evaluation of the limit of stability of the deposited amorphous chalcogenides upon
annealing, the re ectivity of the Ims at 670 nm was monitored during an annealing dhiggmosphere. e
heating ramp rate was xed to 10 °C/min. e limit temperature was de ned as the temperature for which an
irreversible change of sample re ectivity was detected indicating an irreversible structural modi cation of the
amorphous material (phase crystallization, phase segregation, layer delamination ...).

FTIR and Raman scattering measurements. Fourier-Transform Infrared spectroscopy (FTIR) analy-

sis of local order of the amorphous Ims was performed in transmission mode in the 100-50anga. All
absorbance spectra were acquired in the same experimental conditions (average over 32 scans and spect
resolution of 2 cm). A reference absorbance spectrum collected on a Si(100) substrate covered by a 10 nm
SiN, capping layer was used as background subtraction for all FTIR spectra acquired on the chalcogenide thin
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Im samples. en, all raw spectra were normalized to the chalcogenide Im thicknesses in order to get a more
accurate comparison between the di erent thin Im samples.

Raman scattering spectra were acquired in a micro-Raman spectrometer in the range from 100 to 500 cm
using a laser probe at 532 nm wavelength. e acquisition conditions (laser power, magni cation and exposure
time) were adjusted for each Ims in order to optimize the signal-to-noise ratio but with a particular emphasis
to keep no or very limited impact on the material’s structure.

EL =" e, 272 e et =7 o Bifectredchpidellipsdnetry (SE) measurements were per
formed in the 400-1,700 nm range. Data were collected at three incidence angles (55, 65 and 75°). Analysis
the raw data was performed using WVAEEso ware. A 10 nnSiN, layer deposited on a Si substrate was also
measured separately in order to take into account any possible in uence of capping layer when modelling of
chalcogenide Ims’ data. For chalcogenide thin Im samples, the Im thicknesses, dielectric functions, optical
constants (refractive index n and extinction coe cient k) and absorption coe cient as a function of the pho-
ton energy in the 0.73-3.1 eV range were obtained by means of modelling of the SE data with a Cody-Lorent:
(CL) model (see also Sect. 3 of the Supplementary Information).

e optical bandgaps of the Ims were estimated by using the bandgap values obtained from the CL tting
model (ESY) as well as by considering the energy for which the absorption rd&thes' (E9).

Using the M-linetechniqué® at two wavelengths (1,313 and 1,548 nm), the e ective refractive indices of the
Ims as well as their thicknesses (by prism coupling technic) were also accurately determined (not shown). e
obtained values of n at 1,313 and 1,548 nm were compared with those obtained from SE modelling and were
used to validate the accuracy of SE results.

In order to get an estimation of the optical nonlinearities of the studied glasses the well-known Sheik—Bahae
model wasised®. is method allows to estimate nonlinear Kerr refractive indexby means of an analytical
approach using linear refractive index and optical band gap energy values. is model takes into account con-
tributions from several physical origins: two-photon and Raman transitions, linear Stark and quadratic Stark
e ects. A divergent term is also added in order to subtract the unphysical behaviour resulting from the formula
used to adjust these contributions. For these calculations, we used a Sellmeier t of the refractive index in the
material’s transparency range obtained by using the Cody-Lorentz modelling and the optical band gap energy
EX* e results of Sellmeier ts were extrapolated to wavelengths beyond spectral range of the ellipsometry
measurements.

Results and discussion _ . _

ettt fe«—FT ..SfZ.."%ofe<tt —Sce oZaflicompositions-ekthe stfdiéd chalco-
genide thin Ims are reported on the ternary diagrams of Figee also Sect. 1 of the Supplementary Informa-
tion). As shown in Fidl the wide composition range of amorphous chalcogenide thin Ims that can be obtained
exhibits a minimal thermal stability of 250 °C and up to higher than 400 °C depending on Im composition (see
“Method$ and Sect. 2 of the Supplementary Information).

PR SRR i S SfZ S %o fectt —Sce mZee Asym-t fof
mary of the bonds nature and main structural motifs detected in the amorphous structure of chalcogenide thin
Ims deposited by co-sputtering is listed herea er. All the details are given in Sect. 3 of the Supplementary Infor
mation. Tablel summarizes the main structural motifs for each type of chalcogenide thin Im compounds of
the present study deduced from analysis of the Raman and FTIR vibration modes as well as the references froi
literature supporting our conclusions. As follows, the main conclusions on the amorphous structure drawn from
the analysis of the Raman and FTIR spectra of each Im is summarized system by system based on the extend
discussion of the Supplementary Information.

GeS€,, GeeS, and [Ge, 5 .{Ge,Se, ]y —S«<e o ZimF.2a are shown the FTIR and Raman
spectra acquired on th@e_,Se, thin Ims, with x varying in 0.63-0.74 range. Se enrichme@dnSe Ims
leads to reduction of homopolar inter-tetrahedral Ge—Ge bonds (Ggyde favour of Se—Se ones accompa-
nied by an increase of the number of corner-sharing (CS) compared with edge-shariBg$gshetrahedra
in excellent agreement with previouerks®.

e FTIR and Raman spectra o6e_,S, Ims are presented in Figb. In amorphousse,_,S, Ims, vibrational
modes corresponding BeS,, tetrahedra are observed along with contributions attributed to Ge-Ge and S-S
homopolar bonds. e decrease of disorder in the amorph@ss_,S, Ims evidenced by a hardening of the
Raman modes is observed when going ffee}S;, toward Ge;sS;, composition as the amorphous network
evolves toward composition being more and more close to that of the stoichioBe®riglass. e intensity
of the visible contribution of the crystalline Si substrate (c-Si) depends on the thickness and transparency of the
chalcogenide Ims at 532 nm.

In Fig.2c, the FTIR and Raman spectra of[Be,;Sd1.,/Ge6Se4, thin Ims obtained by co-sputtering of
GeSo andGeSe, targets exhibit the main modes related to Ge—S and Ge—Se bonds with broadening and a
slight frequency shi of their intensity maxima compared with those detected in pure amoi@he8s and
GegSe, compound$. e relative intensities of these two main contributions depend on@e,S;/Ge,Se,
concentration ratio introduced in the Im during co-sputtering. Besides, random incorporation of sulphur and
selenium in mixedseS. S, tetrahedra (with ¥ 1, 2 and 3) is observed as supported by previous experimental
and simulatiorstudies?=5,

SCIENTIFIC REPORTS  (2020) 10:11894 | S——'ed T'C4'""% wvawvy~ ezw{e~avxveal|}y}le-



0 25 50 75 100

0 Ge (at.%) 0
(b) 100 (C) 100
25 25
75 75
S &
& S & s
©® 50 £ «@% 50 %
o ‘o
S 50 g o 0 g
O (@)
75 75
5 - @ 25
s t ¢ [ ]
(]
100 100
@ 0 *—F—@ 0
25 50 75 100 0 50 75 100
Ge, Se,, (at.%) Ge,Se,, (at.%)

Figure 1. Ternary and pseudo-ternary diagrams showing compositions of the chalcogenide thin

Ims deposited by magnetron (co)-sputtering) @6.,,SS6, (b) [G&;:Sd1-«[Ge305€d Sk and €)

[GesSed i« GesTesd Sk Ims. e dots’ size denotes the error bars estimated on the compositions of the

Ims and the dots’ colour corresponds to an estimation of their limit temperature of stability de ned by means

of the temperature-resolved re ectivity measurements (ge¢ibdds and the Supplementary Information).
Compounds’ compositions indicated in square bracket correspond to those of the sputtering targets which may
di er from those obtained for the deposited Ims.

[Gey Sey]wedhy, [Gey S wShy and [Ge, S| ) s [Gey e, Sb, —S <+ o ZRiguie3a shows the
Raman and FTIR spectra acquired on[tBe;;Sed,Sh Ims. Addition of Sb inGe,,Se, Ims results in for
mation of SbSg, pyramids, which are reminiscent of the main structural units of amorpBlg&®, connected
to GeSg, tetrahedral units by the Se atoms, and a decreasing number of Se—Se homopolar bonds in favour of :
more and more prominent amount of homopolar Sb—Sb and wrong Ge—Sb bonds. is observation is of a major
importance since homopolar Sb—Sb and wrong Ge—Sb bonds are shown to play a major role on electronic anc
hence optical properties of chalcogenidasses*®37 Apart the non-negligible amount of Sb—Sb and Ge-Sb
bonds present in our Ims which are chalcogen-de cient compared witlGi®e and ShSe stoichiometric
compositions, a similar trend has been previously obserj&eBg], [Sh.Se], bulk glasses.

e FTIR and Raman spectra of thgse;,S;41.,Sh thin Ims are shown in Figdb. S-de cien{Ge;;S;41.,.Sh
Ims are mainly composed @eS,, tetrahedral units and, upon addition of pure Sh, Sb—Sb and Sb—Ge bonds
are formed with appearance of a small amour8lif,, pyramids. erefore, in other words the amorphous
network of our S-poor glasses can be depicted as a B&S¥ .S, tetrahedral motifs (with n#{0, 1, 2, 3,
4}) and fewSbGe.,,.,Sh,S, pyramidal units (with # m={0, 1, 2, 3}) in favour of homopolar Sb—Sb and wrong
Sh—-Gebonds®42

In Fig.3c, the FTIR and Raman spectra of[{@e;;S;4 1[G e0:5€d« thin Ims upon Sb incorporation show
vanishing of the Raman modes of mixgadS._,Se, tetrahedral units at least in favour of an increase number
of GeSg, tetrahedra. is indicates di erences between Ge and Sbh atoms in chemical bonding a nity with S
and Se chalcogen elements. is has a di erent impact on the amorphous structure depending on the S/Se ratio.
Increasing Sb concentration [Ge;;S4 1.« [Ge3056d Sk Ims leads to preferential formation of Ge-Se and
Sb-S bonds by detriment to Ge—S and Sb—-Se ones in Ims exhibiting a lack of chalcogen element compare
with the stoichiometric compositions in agreement with a prevatudy*>. Raman and in a less manner FTIR
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Raman IR modes
modes
System Bond Main structural motifs (cm?) References (cm?) References
. 68,69 115; 260; 69
GeSg, tetrahedra 115; 140 285 310
Ge—Se | CSGeSg; tetrahedra 195 " - -
ESGeSg, tetrahedra 218; 310 70 - -
Ga.,Se ETH GeSe units _ _ 220 5
ETH GeSe units 179; 270 2470 - -
Ge-Ge -
Ge tetrahedra in amorphous Ge phase 275 m - -
Se-Se Se-Se bridge betwe€eSg, tetrahedra 265 1 - -
GeSy, tetrahedra 115; 150 72,73,74 147; 367; 388776
Ge-S CSGeS,, tetrahedra 343; 425 70.72.76 343 s
ESGeS), tetrahedra 370; 437 70.72,76 437 s
Ge,S Ge-S-Ge | GeS), tetrahedra - - 265 82
Ge-Ge |ETH Geg$ units 250 3070 - -
S rings 220; 475 3 - -
S-S :
S chains 485 32 - -
GeSSe mixed tetrahedra 218 3435 - -
Ge-Se GeSSe mixed tetrahedra 232 3435 - -
GeSSe mixed tetrahedra 265 35 - -
Ge.,,SS§ - 35
GeSSe mixed tetrahedra 392 - -
Ge-S GeSSe mixed tetrahedra 383 35 - -
GeSSe mixed tetrahedra 367 35 - -
Sb-Se ShSg, pyramids 190 1 180; 200; 2503277
G bs Sb_sb ETH SkSeq units 159 1 156 8
BxySB5G amorphous Sb phase 140 79,80 - -
Ge-Sbh amorphousGesShs phase 140 81 - -
Sb-S SbS,, pyramids 280; 308 82 285; 330 8384
Ge,,ShS | Sb-Sb ETH SBS, units 170 40 - -
Ge-Sh S,Ge-Sbgunits 205 85 - -
Ge-Te GeTg,, tetrahedra - 150; 220 86
Ge-Te Ge—GeTetetrahedra or GeTe defective octahedral, , 87 _ _
motifs
GexyS8Te 5o e Se-Te-Se bridge betwesaSg, tetrahedra 200 2288 - -
Te chains 150 89 - -
Te-Te
amorphous Te phase 157 90,91 - -
Ge, . .
Sgsxgy'l'zel Sb-Te SbTe,, pyramids 145 92 - -
Si substrate | Si—Si c-Si modes 300; 520 93 - -

Table 1. List of bonds and their main vibration frequencies in the corresponding structural motifs as detected
by Raman and FTIR analysis of chalcogenide thin Ims. e frequencies of the Raman and FTIR modes
correspond to position of experimental peaks reported for stoichiometric glasses in the literature. e analysis

of these peaks is extensively discussed in Sect. 3 of the Supplementary Information. CS, ES and ETH denotes
respectively corner-sharing, edge-sharing and ethane-like motifs as commonly labelled in the literature.

spectra also evidences the presence of a signi cant amount of Ge-Ge, Sb—Sb and Ge—Sb bonds in our sputter
[GeySid 1x[GessSed Sl Ims.

[Gey$e}\]\/\eé:Ge{xTez.]rxv [Gey$e}\] ves {Ge{xTezL(Sb> and [Ge,, 38 Te] woP, —S<+ oZFga
ure 4a shows the FTIR and Raman spectra acquired d&tgSe .. [GessTesd, thin Ims obtained by co-
sputtering ofGe;;Se, and Ge,,Te,g targets. Ge-GeJdetrahedra and GeTe defective octahedral motifs pre-
sent in a-GeTphasé®**are expected also @, Te,srich [Ge,Sed; Ges,Ted, Ims. e structure of our
[GeySed 1 dGesTed, thin Ims obtained by co-sputtering can be depicteds&Se Te, tetrahedral motifs
with n={0, 1, 2, 3, 4} forming a disordered network connected, for small x values, by means of the chalcogen
elements and, for higher x values, coexisting with a non-negligible amount of Ge—Ge homopolar bonds and pos-
sibly some Te-Te bonds as well as Se-Te bonds as proposed in a wakiéus

In Fig.4b,c are shown the FTIR and Raman spectf@efSeq«[Ges,Te.d, Sk and[Ge, ,,SgTe];.,Sh
thin Ims obtained by co-sputtering dde;;Seq, Ge,Te,s and Sb targets. e comparison between both gure
tends to indicate that in our amorpho[Ge;Sed ., [Ges,Te,d, Ims, which are getting more and more Ge-
rich as x value is increased, Ge—-Ge homopolars are found and Ge—Se(Te) bonds represent the vast majority
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Figure 2. FTIR and Raman spectra of as-deposite @@, S¢ (b) Ga.S and €) [GeoSd 1:1GCe6S€4« thin
Ims. e di erent contribution of vibration modes related toGeSgandGeS amorphous phases are indicated
by orange and green dash-lines, respectively. e contribution of the c-Si substrate to the Raman signal
appearing on some spectra is also indicated by a red dash-line at’389weil as a shoulder visible a er
450 cm' that corresponds to a ¢-Si phonon mode near 520 cm

bonds involving the chalcogen elements. Upon introduction of Sb iiGgSe .. JGes,Terd, Ims, whereas

the contribution of Sb—Se bonds to the Raman spectra is weak their presence in IR absorption is more visible
in FTIR spectra probably thanks to the high IR cross section of such bonds compared with others. Sb dop-
ing of theGe,;SegTe,s compound lead to formation of Sb-Sb homopolar bonds and probably Ge-Sb wrong
bonds as already discussed above for Sb-dBpgBe, Ims. As a result{Ge;Sed . [Ges;Tesd Sk Ims

obtained by co-sputtering appear to be a highly disordered system. It can be depicted as a mix of &&-GeTe
GeSh,..Se,Te, tetrahedra (with mn={0, 1, 2, 3, 4}) as well 8bGg.,,.,S&,Te, motifs (with m+n={0, 1,

2, 3}). erelative fraction between these motifs varies as a function of the Ge/Se/Te atomic ratio of the Ims.

To conclude, the e ect of Sb incorporation in the amorphous structuf&ef,S;J .. [GesSed, and
[GeSed 1, GessTesdy thin Ims is di erent depending on the nature of the chalcogen elements present in the
Im. A clear di erence is observed between Ims containing S/Se compared with Se/Te as chalcogen elements.
In particular, this is evidenced by formation®Sh.,,..Se,Te, tetrahedra (with mn={0, 1, 2, 3, 4}) as well
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Figure 3. FTIR and Raman spectra o (6,056 1..Sk (b) [Ge;Sd1,Shk and €) [GeySid 1« [Ge0Sed«Sh
thin Ims. e position of the main vibration modes related tGeSgeandGeS stoichiometric glasses are
indicated by orange and green dash-lines, respectively. e contribution of the c-Si substrate to the Raman
signal appearing on some spectra is also indicated by a red dash-line af 280n@t as a shoulder visible

a er 450 cm* that corresponds to a ¢-Si phonon mode near 528 cm

asSbGe,,..Se,Te, motifs (with m+n={0, 1, 2, 3}) in Sb-dopdGe;;Seq . [Ces,Tesdy thin Ims whereas no

such mixed Ge tetrahedra nor mixed Sb pyramids can be obsef@Ga R, [Ge;Sed, compounds doped

with Sh. Besides, in both case Sb addjG®3,S:4] 1.IGe:Sedx and[GeySed 1., GessTeqd . Ims does not lead

to a random and homogeneous distribution of the chalcogen atoms in Ge-centered tetrahedra as observed ir
Ge-based chalcogenide Ims. From all the above FTIR and Raman study, one can conclude that the local orde
and the structure of the (co-)sputtered chalcogenide thin Ims are shown to largely vary with in particular a
very di erent amount of homopolar bonds and the latter is shown to depend on thin Ims’ atomic composition.
Since the properties of materials being intimely linked to their structure, probing the link between structure
and optical properties is an invaluable clue in order to propose design rules aiming at fabricating chalcogenide
compounds thin Ims with optimized properties for the applications in photonics. In the following, the linear
and nonlinear optical constants of the Ims, such as the real and imaginary part of refractive index as well as
Kerr nonlinear refractive index, are studied.
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'—<...fZ 77 F"—<te 0 =St ...SfZ.. litkeat epticdl cerStants.@ dptical constants
(refractive index n and extinction coe cient k) of the Ims were deduced from the spectroscopic ellipsometry
measurements from visible to near-IR (NIR) range (stttfods). e refractive indices n and Tauc’s plots of
(.E)¥2vs energy (eV) obtained from the extinction coe cient k (9dethods) are plotted in Figs, 6, 7 for
each composition of the chalcogenide Ims. First, Fg8,7 call for a general comment. For wavelength range
located above inter band absorption range, which corresponds to energies lower than the bandgap energy (se
the Tauc's plots of Figs, 6, 7), the refractive indices tend progressively to a kind of plateau. e latter gives
therefore an estimation of the refractive indices in the MIR range up to multi-phonons absorption appearing at
signi cantly higher wavelengths thaR*546 erefore, the study of optical properties in the visible-NIR range
is the best compromise in order to get an estimation of refractive indices from visible to MIR range as well as
giving an estimation of the optical band gap energy from absorption measurements or ellipsometry data tting
models (seeMethods and Sect. 4 of the Supplementary Information).

SCIENTIFIC REPORTS  (2020) 10:11894 | S——'e8 T'C4'""% wvawvy~ ezw{s~avxveal|}y}le-



(@) Energy (e\{)

-

3,04 &
Gey;5eq, 600 7
S
2,84 Ge345966 QO-
c £400 <,
2
2,61 Ge,e5e;, o
-200 @
B

2,44

500 1000 1500 1 2 3
Wavelength (nm) Energy (eV)
Energy (eV)
(b) 3 2 1
2,8_ T T
L300 —~
2.6- GeAOSGO Ig
Cesses 200 2
c >
2,44 )
F100 73
2,24 B
500 1000 1500 1 2 3
Wavelength (nm) Energy (eV)
(c) Energy (eV)
32 1
[ s [ s [ T T 500
3,0
1 Ge s 400 $
2’8- Ge385505e12 g
1 £300
€ 2,64 2
] 66325285840 -200 -~
2,44 P
1 Gezssem - 100 3
2,24
500 1000 1500 1 2 3

Wavelength (nm) Energy (eV)
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[GewSd1:dGesSed, thin Ims deposited by (co-)sputtering.

Gew56, GeS, and[Ge, 5, ] JGe,Se; ]« — S <+ @ ZImFi).5a, the refractive index of the sputtered
Gea_Se (0.63<x<0.74) thin Ims in the NIR range (above 850 nm) does not evolve linearly with composition
but reaches a maximum forX.63 as well as a minimum for8.7. is e ect can be related to the amorphous
structure ofGe;;Se; Im which exhibits the highest amount of Ge—Ge homopolar bonds in ethane-like struc-
tures among alGe _,Se (0.63<x<0.74) Ims (see the Raman of Fg). Besides, ab initio molecular dynam-

ics simulations reported that the presence of numerous distorted Se—-Ge—-Se aBgleSgn(0.60 < x < 0.66)

permits to reduce the stress induced by the increase of the Ge content and thus the mean atomic coordinatior
number or networkconnectivity’. By opposite, th&e,;Se, Im which has the lowest refractive index also
presents the lowest amount of Ge—Ge and Se—Se homopolars and the narrowest and most well-de ned mode
corresponding to CS and B2Sg, tetrahedra (195 and 212 émas shown in Figa. is trend on the refrac-

tive index is in good agreement with previous literature for bulk glasses in which compositions with the high-
est Ge-Se/(Ge-G&e Se) bonding ratio exhibited the lowest refracihgices®. e absorption of GeSe,
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Figure 6. Refractive index n and Tauc's plots §f[@e;Sed 1Sk (b) [Gey,Sd1..Sh and €)
[GeySd1x-[Ge3058d«Sh thin Ims deposited by (co-)sputtering.

Im evidences its highest band gap value amonGallSeg (0.63<x<0.74) Ims as seen on the Tauc's plots of
Fig.5a. Besides, tl®e;;Sg; composition with the highest refractive index has the lowest band gap energy. e
decreasing number of Ge—Ge bonds may be at origin of the strong increase of absorptionGxgi®egand
Ge,Sg; Ims.

Ge,,S thin Ims experience a signi cant increase of their refractive index in the NIR as the Ge fraction is
slightly increased from=0.64 to x0.60 (Fig5b). is trend is consistent with previous literaturstudieg®#°.
is could be attributed to an increasing number of distorted S—Ge-S bonds similarly to the previously men-
tioned presence of numerous distorted Se—-Ge-Se an@es, g (0.60<x<0.66}" related to the increase of
the number of Ge—Ge homopolar bonds (seeZBigwith the decrease of the S content. is leads to a reduction
of the band gap energy in agreement with previtersiture® due to creation of new electronic states under the
conduction band explaining the progressive shi of absorption toward lower energgl{Ffy.e absorption
and refractive index change monotonously as x increases Bepi, Ims (Fig. 5b).
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e refractive index of the[Ge,$d1.,0GeS584x IMs also exhibits a minimum for th@e;,S;,;Se, composi-
tion (Fig.5c¢). is is not surprising since, similarly t&e_,Se andGe,,S, Ims, the amount of Ge-Ge homopolar
bonds is expected to be minimum for this near-stoichiometric composition with a-®éjS&tomic ratio close
to 1/2 (Fig. 2). As a result, the general trends on refractive indices of studied Ge-based chalcogenide Ims are
driven by the ratio between heteropolar and homopolar bonds.

Among the[Ge,Sd 114G eS8 4, thin Ims, the band gap energy reaches a maximum foGgS;,.Se,
composition as evidenced by the absorption curves irb&igs results from the composition 0f5e;:5;,Se,
Im which is close to th&eCh, stoichiometric compound (with Ch referring to S or Se chalcogen element)
expected to exhibit almost no homopolar bonds. Note that for a same Ge concentration, replacing S by Se atom
results in a progressive decrease of bandgemy™.
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[Ge, seylwdhy [Gey S| ] weSh and [Gey S, ] s [Gey$€y]Sb, —S <+ oZimeyg. 6, replacing
tetravalent Ge atoms, as observed in structural motifs of stoichior®e8e glass, by trivalent Sb atoms, as
found in amorphous stoichiometri8Se compound, within theGe§Se., Ims increases the non-chalco-
gen/chalcogen element ratio required to keep the stoichiometric composition. is has been clearly evidenced
for composition tie-lines crossing the stoichiomet@eSgSh,Se pseudo-binary tie-line a&e,,,ShSe™,
GgShS80.,0%%° GeShsSes. or GeShSe,.,> glasses. ese compositions are again those with the small-
est amount of homopolar bonds and corresponding to a limit of topological phase transition as reported in
Ge.,ShSe, glass€ds® Besides, in bulk glasses as well as in thin Ims, the decreas&efS#gh,Se ratio
was shown to result in an increase of the refractive index and a decrease of the band gap energy since electror
polarizability of Sb—Se bonds is much higher than that of Gei®kg*56.57

In Fig.6 are shown the change of optical constants upon Sb addition by means of co-sputtering in the
GegSe, GasSy and[GesS71.0GeSed, thin Ims in order to increase Ims’ refractive indices by driing
away from compositions located on fBeCh/Sh,Ch,; pseudo-binary tie-line. In Figea—c the incorporation of
Sb inGeeSeq GasS; and[GesS;]1,0Ges0Sedy Ims signi cantly increases Ims’ refractive index and at the
same time reducing the optical band gap energy of the material. is e ect is attributed to the higher electronic
polarizability of Sb atoms in particular when forming Sh—Ch and Sb—Sb bonds. ese highly polarizable bonds
are revealed to appear in an increasing level as the incorporated Sb amount is increased in Ims (see amorphou
structure analysis detailed in the Amorphous Structure section and in the Supplementary Information). One can
also note that among all these compositions, some Ims exhibit compositions very close to those of well-studied
commercial glasses such as for instance AMTIR-3 glass (also commercially called 1G5 or IRG-5 or BD-2 or
OPTIR-3) ofGesSh .S, composition. us, this well-known glass is close to tBe,Sh S, Im of the present
study and can be used as a point of comparison. If6&ighe optical constant values of §Be;Sed;1.Sh
Ims are in good agreement with thigerature!5253,

[Geyﬁeﬁ'\] \/\E&Ge{xTez]—xr [Geyﬁe}\]vﬁa {Ge{xTez]—be> and [GeWHESgXTeX] W§b> —S«<e @® Zr‘ig'é-
ure 7a shows that, similarly to Sh, introduction@d;,Te,s in [GeySed 1.dGessTed Ims results in a huge
increase of refractive index of tl®,Se, glass. As in the Sb doping, this e ect could be attributed to the
higher electronic polarizability of atoms of Ge—Te motifs compared with those in Ge-Se ones, and that form in a
growing concentration ifiGe;;Sed 1. JGessTesd, Ims upon increasing th&e,,Te,g concentration (see Figa).
Moreover, the refractive index fibe;Sed . lGes Ted, Ims can be further increased by Sb incorporation as
shown in Fig7b,c. Such an increase is near directly correlated to the concentration of Te and Sb atoms in the
[GeySed 1.« GesyTend Sk and[Ge, ., SgTe],.,Sh Ims with a more and more signi cant e ect when highly
polarizable environments such as Sb-Te, Sb-Sb bonds or in a less extent Ge—Te bonds form in the amorphou
materiaf®,
In Fig.7a, the increase of absorptionGle;;Sed .dGesTesd, Ims upon increasing x can be related to the
smallest bandgap of a-GeTe compared to that of Se-basgdund®. e absorption progressively decreases
as the band gap of the Im increases upon moving towar®btggSe, composition. By opposite, in Figh,c
for [GeySed 1.« [GessTesd Sl Ims, a more complex trend is observed. First, in Figan increase of the
(Sb+Te)/Se ratio iGezSed 1« [Ges Tesd Sk Ims lead to a shi of the absorption curve toward lower energy
due to a decrease of band gap energy. More surprising, ift Fig absorption curves and optical band gap of
[Ge,S&Te]1.,S Ims remain almost constant for the three compounds containing Sb concentration ranging
from 15 to 30 at. %. Increasing the concentration of homopolar bonds, mainly Sb-Sb ones, and Te-related bond:
due to an increase of the (6Be)/Se ratio ifGe;Se 1.« GesyTed Sk Ims result in an increase of band tails
as well as creation of electronic states in the bandgap, and hence to a reduction of the optical bandgap energy
However, in Fig7c upon incorporation of Sb in the ternaBg ., Sg¢Te, compound, the refractive index of the
Ims signi cantly increase while the decrease in bandgap energy is negligible. e explanation is related to the
changes in the amorphous structure. First, the increasing concentration of Sb leads to an increase of the materie
polarizability and thus that of the refractive index. However, at the same time the amount of Te—Ge heteropolar
bonds decreases leading to an increase of band gap energy of the material hence counterbalancing the e ect
Sh. erefore in [Ge, ,S&Te];.,Sh Ims, the incorporation of highly polarizable Sb bonds leads to an increase
of the refractive index but does not signi cantly a ect the optical band gap energy value. Indeed, the replacement
of Ge—Ge homopolars by Sb—Sb bonds upon Sb introduction is expected to impact mostly the density and nature
of localized electronic defect states in the material band gap but with no or limited e ect on the bandgap energy.
To summarize, the observed trend of refractive indices as a function of chalcogenide thin Ims’ compositions
can be reasonably correlated to changes in Ims’ amorphous structure as extensively described in the FTIR/
Raman experiments of the Amorphous Structure section and in Sect. 3 of the Supplementary Information. e
electronic polarizability of local chemical environments and bonding con gurations in the amorphous is shown
to play key role aiming at controlling the refractive indices of the Ims. In particular, introduction of highly
polarizable bonds such as Sb—Sb homopolars, Sb—Ch (witheGdr Se) or Te-X (with XSb or Ge) and in a
less extent Ge—Ge bonds leads to a signi cant increase of the refractive index concomitant to a decrease of th
optical bandgap energy. e optical band gap energy is also an outmost parameter that should be taken into
account for MIR and nonlinear photonic applications regarding for instance transparency window, two-photon
absorption (TPA) losses and so on. e band gap energy values of the chalcogenide thin Ims are listed?in Table
e obtained band gap energies and refractive index values are found to follow the well-knowru®ssvhich
relates the refractive index (or optical dielectric constant) to the optical band gap ersengcohductor&.
In order to evaluate the potential interest for applications of such chalcogenide thin Ims in the emerging
eld of on-chip nonlinear photonics, determining the Kerr refractive indices, which quantify the nonlinear
frequency conversion e ciencies, can give a rst interesting insight. For that purpose, in the following the Kerr
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refractive indices of the Ims are estimated by means of their linear optical constants as well as using estimatec
values of the band gap energy.

Kerr nonlinear refractive indices e n, Kerr nonlinear refractive indices were evaluated mainly using the
Sheik—Bahaeodef®. We considered this model as enough accurate in order to get qualitative trendsbn

ues (see Sect. 5 of the Supplementary Information). It has to be emphasized that a systematic error of about 20
exists in the experimental determination of non-linear optical coe cients.

e Kerr refractive index is strongly correlated with the linear refractive index and the optical band gap
energy value. Using the Sheik—Bahae model, the maximum of the third order nonlinear parameter is found for
an energy close to 0,58&,". erefore, the values of, can vary considerably depending on the wavelength
and must be taken into consideration depending on the value of the wavelength that will be used in the appli-
cation. However, previous experimental work reported a maximum of Kerr index for photon energy values
higher than that corresponding to 0,588&,°"" %3, Table2 shows the maximum values of heKerr refractive
indices for all the Ims studied in this work and their corresponding wavelengths, as well as the values obtained
at 1,550 nm, the standard wavelength for telecommunications. In order to validate the Sheik—Bahae model, this
method was also applied to samples of silica and silicon nitride thin Imn,&alues at 1,550 nm for these
two reference materials have been calculated tex 6% and 2x 10°m%W, respectively. ese values are in
excellent agreement with those experimentally measured litetteeure®®. erefore, one can conclude that in
our (co-)sputtered amorphous chalcogenide thin Ims, the Kerr indices are of two to three orders of magnitude
higher than those obtained for silica or silicon nitride materials. ese values are also in excellent agreement
with previous experimental results reported for simia.,.,ShSe, Ga__x,yst;igcompound§,853J65 as well as
those deduced using the Sheik-Bahae mod@dgyS, andGe,,,ShSe glasse$®.

For some of the chalcogenide thin Ims, the Sheik—-Bahae model gives negative Kerr indices at 1,550 nm. In
previous works, only positive experimentalalues were observed in the transparency window of chalcogenide
glasséd®’. Nevertheless, negative Kerr indices values were repoi@sl,igShSe glasses at 800 fifwhere
absorption starts to be non-negligible. erefore, we can emphasize that the negative Kerr indices values at
1.55 um (9.8 eV) are found for co-sputtered Ims for which the optical band gap energy is below 1.6 eV and
as a result when TPA becomes signi cant.

In literature,n, values have been related to the amorphous structure. In particular, a clear correlation was
found betweem, values and the concentration of highly polarizable heteropolzds®. Herein, one observe
a clear correlation between material polarizability, which is proportional to the linear refractive index, and the
nonlinearities evidenced by timg values calculated by using the Sheik-Bahae model. us, one can relate the
enhancement of electronic polarizability and the resulting increasgvaflues to presence of peculiar local
atomic motifs and bonding con gurations found in the amorphous structure of Ims. For instance, the amount
of homopolar bonds play a key role in the increase of linear and nonlinear refractive indices as described above

Finally, in Table are also reported for each Ims the limit of temperature a er which a degradation of the
material could be observed by monitoring optical re ectivity at 670 nm upon annealingsg®ts$ and
Sect. 2 of the Supplementary Information). is is also very instructive since temperature limit in between 250
and 400 °C were obtained. is emphasizes that a compromise between optical properties and thermal stability
has to be found for selection of a particular composition depending on nal application as well as taking into
account the thermal budget required for integration process ow in devices. Indeed, an annealing a er deposi
tion is also expected to signi cantly a ect the optical properties of these Ge-based amorphous chalcogenide thin

Ims due to the structural relaxation. us, aging of these metastable amorphous materials will have to be studied
in the future aiming at ensuring durability of MIR components that would integrate some of these compounds.

Conclusion

To conclude, industrial co-sputtering deposition method is a powerful tool in order to fastly study a wide com
positions range of amorphous chalcogenide thin Ims aiming at ultimately achieving highly nonlinear on-chip
MIR components. By means of a systematic study of the amorphous structure correlated with the trend on optical
properties (linear optical constants, optical band gap and Kerr nonlinear refractive index) of the as-deposited
chalcogenide thin Ims one can get invaluable clues in order to optimize the materials optical properties towards
future applications. e materials’ polarizability and thus linear and nonlinear refractive indices increase signi -
cantly when moving from light to heavier chalcogen element such as S to Se and toward Te-based chalcogenic
compounds but accompanied with a decrease of the thermal stability. e ratio of homopolar/wrong on het-
eropolar bonds in the amorphous chalcogenide is shown to play a main role on the electronic and thus optical
properties of the Ims. For instance, the introduction of Sb atoms deeply modi es the amorphous structure as
well as introducing Sh—Sb homopolar bonds. As a result, the electronic polarizability of the glass is signi cantly
enhanced as evidenced by the signi cant increase of the material refractive indices. However, this also leads t
a detrimental decrease of the material’s thermal stability and bandgap. Moreover, we show that the outstanding
and state-of-the-art Kerr refractive indices in the MIR range are found for chalcogenide thin Ims deposited
by means of industrial sputtering technique enabling fast transfer to applications. Finally, we demonstrate that
a good trade-o between high nonlinearity, good thermal stability and optimized working wavelength in the
IR can be found opening wide range of opportunities for future on-chip photonic applications fully compatible
with CMOS large-scale integration technologies.
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eS| | T | CGeShsSe e 1.130.97 3.6 102  85.7( =206C nm) 250
§ ~| |Ge,ShSe,Te, 1.120.95 3.6 137 88.7( =2080 rm) 50
Ge,SheSe,Te,; 1.090.93  3.69 260  95.0( =214Cnm) 250

Ge,SheSe,Te, 1.060.92 3.8 351 98.9( =2190 m) 50

. .-| GeShSe, 177154 277 122 235( =132Cnm) 300
TAg : GeySh,Se; 1.441.27 3.03 425  454( =1620 M) 50
o Ge,ShSe, 1.2 1.03 3.3 11.7  78.8( =193Cnm) 250
. Ge,Sh,SSes 2.021.79 253 6.7 16.6( =1150 ) 300
S [ 2 Ge,ShS,Se; 1.82 1.59  2.67 10.7  22.4( =127Cnm) 300
eSS T GeeSh,SeSe; 1.611.46 2.83 247  33.1( =1450 m) 50
Ge,Sh,SeSe, 1.421.37 2.96 453  50.6( =164Cnm) 250

SN, 485 X 207 0.2 0.8 ( =480 nm) >>40

Table 2. Summary of chalcogenide thin Ims obtained by (co-)sputtering deposition: composition, nature of
the sputtering targets used for (co-)sputtering deposition, refractive index at 1.55 pm, band gaif,¥rerdy

E,S n, Kerr nonlinear refractive index calculated either by means of the Sheik-Bahae model at(th5&man
maximaln, valuegn, .,) at energy near 0,584, eV (the corresponding wavelength value is also indicated
into brackets) and a rst evaluation of the limit temperature for material’s stability (see text for details as well as
“Methods and Sect. 2 of the Supplementary Information).

Received: 6 June 2019; Accepted: 13 May 2020

R P
1. Noé, P., Vallée, C., Hippert, F., Fillot, F. & Raty, J.-Y. Phase-change materials for non-volatile memory devices: From technologica
challenges to materials science issues. Semicond. Sci. 3&8¢Hin(@018).
2. Ovshinsky, S. R. Reversible electrical switching phenomena in disordered structures. Phys 2Re¥466t(1968).
3. Verdy, A. et allmproved electrical performance thanks to Sb and N doping in Se-rich GeSe-based OTS selector devices. IEEE 9th
Int. Mem. Work. , IMW (2017).

SCIENTIFIC REPORTS  (2020) 10:11894 | S——'e8 T'C4'""% wvawvy~ ezw{s~avxveal|}y}le-



o U s

10.

11.
12.

13.
14.

15.

16.

17.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.
49.

50.

. Popescu, M. A. Non Crystalline Chalcogenides (Springer, Berlin, 2000).
. Eggleton, B. J. et &halcogenide photonics. Nature PHpt141 (2011).
. Tsiulyanu, D. & Ciobanu, M. Room temperature A.C. operating gas sensors based on quaternary chalcogenides. Sensor. Actua

B-Chem223, 95-100 (2016).

. Lyubin, V., Klebanov, M., Feigel, A. & Sfez, B. Films of chalcogenide glassy semiconductors: New phenomena and new applications

in Solid Films 459, 183-186 (2004).

. Tanaka, K. Optical nonlinerity in photonic glasses. J. Mater. Sci. Mater. E[£6{r683—-643 (2005).
. Mouawad, O. et al. Multioctave midinfrared supercontinuum generation in suspended-core chalcogenide bers. Gt. Lett.

2684 (2014).

Petersen, C. R. et 8id-infrared supercontinuum covering the 1.4-13.3 m molecular ngerprint region using ultra-high NA
chalcogenide step-index bre. Nat. Pr&t830-834 (2014).

Yu, Y.et al. Mid-infrared supercontinuum generation in chalcogenides. Opt. Mat. E3pi&s& (2013).

Wang, H.et al. Compositional dependence of crystallization and structural stability in Ge-Sb-Se chalcogenide Ims. J. Non-Cryst.
Solids453, 108-112 (2016).

Lin, L.et al. Photo-induced structural changes in Ge—Sb-Se Ims. Infrared Phys 8Ie&8-63 (2017).

Halenkovi, T.et al. Amorphous Ge—Sb—Se thin Ims fabricated by co-sputtering: Properties and photosensitivity. J. Am. Ceram.
Soc101, 1-13 (2018).

Petit, L.et al. Correlation between the nonlinear refractive index and structure of germanium-based chalcogenide glasses. Mater.
Res. Bul42, 2107-2116 (2007).

Sharma, N., Sharda, S., Sharma, V. & Sharma, P. Far-infrared investigation of ternary Ge—Se—Sb and quaternary Ge—-Se—Sb—
chalcogenide glasses. J. Non-Cryst. S01js114-118 (2013).

Baudet, Eet al. Experimental design approach for deposition optimization of RF sputtered chalcogenide thin Ims devoted to
environmental optical sensors. Sci. Ref500 (2017).

. Noé, Pet al. Impact of interfaces on scenario of crystallization of phase change materials. Acid ®dtd2—148 (2016).
. Fillot, F.et al. Crystallization dbe,ShTe; and nitrogren-dopede,ShTe; phase-change-materials thin Ims studied by in situ

combined X-ray scattering techniques. J. Appl. Crystalbgt691-1705 (2018).

. Smith, C., Jackson, J., Petit, L., Rivero-Baleine, C. & Richardson, K. Processing and characterization of new oxy-sulfo-telluride

glasses in the Ge—Sh—Te—S—0O system. J. Solid stat18Beh891-1899 (2010).

. Knotek, Pet al. Ageing 0665, $Sh; &35thin Ims under various conditions. Mat. Chem. PHy85, 236—246 (2017).
. ernoSek, Z.et al. e properties and structure of Ge—Se—Te glasses and thin Im. J. Non-Cryst486lid$9-177 (2017).
. Surifiach, S., Bar6, M. D., Clavaguera-Mora, M. T. & Clavaguera, N. Glass forming ability and cristallization kinetics of allows in

the GeSe GeTe-ShTe; system. J. Non-Cryst. Solid4, 113-119 (1989).

. Olivier, M.et al. Photosensitivity of pulsed laser deposited Ge—Sb-Se thin Ims. Opt. Mater. Ex@®sg93 (2015).
. Svoboda, R., Malek, J. & Liska, M. Correlation between the structure and relaxation dyn@eig} (8bS;),., glassy matrices.

J. Non-Cryst. Solid§9, 113-119 (2018).

Yang, Get al. Physical properties of tf&Se._, glasses in the 0<x<0.42 range in correlation with their structure. J. Non-Cryst.
Solids377, 54-59 (2013).

Borisova, ZGlassy Semiconduct¢8pringer, Berlin, 1981).

Tien, P. K., Ulrich, R. & Martin, R. J. Modes of propagating light waves in thin deposited semiconductor Ims. Appl. Phys. Lett.
14, 291 (1969).

Sheik-Bahae, M., Hutchings, D. C., Hagan, D. J. & Van Stryland, E. W. Dispersion of bound electronic nonlinear refraction in
solids.J. Quantum Electro27, 1296-1308 (1991).

Boolchand, P., Grothaus, J., Tenhover, M., Hazle, M. A. & Grasselli, R. K. Structure of GeS2 glass: Spectroscopic evidence for brok
chemical order. Phys. Re\B® 5421 (1986).

Gu, S., Zhang, Q. & Pan, R. Microstructure and mid-infrared refractive index dispersion S&G(§asses. Chalcogenide Lett.

12, 257-262 (2015).

Petit, L.et al.E ect of the substitution of S for Se on the structure of the glasses in the Ggstediy o) 70,56 J. Phys. Chem.
Solids56, 1788-1794 (2005).

Dongol, M., Elhady, A. F., Ebied, M. S. & Abuelwafa, A. A. Impact of sulfur content on structural and optical properties of
G580, chalcogenide glasses thin Ims. Opt. M, 266272 (2018).

Griths, J. E., Espinosa, G. P., Phillips, J. C. & Remeika, J. P. Raman spectra and athermal laser annegleg, pf gbe{Ses.

Phys. Rev. B3, 4444-4453 (1983).

Xuecai, H., Guangying, S., Yu, L., Hongbo, Y. & Yonghua, L. Structure and vibrational modes of Ge—S—Se glasses: Raman scatteri
and ab initio calculations. Chalcogenide 1S#65-474 (2012).

Noé, Pet al. Toward ultimate nonvolatile resistive memories: e mechanism behind ovonic threshold switching revealed. Sci.
Adv.6, eaay2830 (2020).

Lee, J. H. et al. Unravelling interrelations between chemical composition and refractive index dispersion of infrared-transmitting
chalcogenide glasses. Sci. Betb482 (2018).

Olivier, M. et al. Wide-range transmitting chalcogenide Ims and development of micro-components for infrared integrated optics
applicationsOpt. Mater. Expresé$, 525-540 (2014).

Pethes, let al. Atomic level structure of Ge-Sb-S glasses: Chemical short range order and long Sb—S bonds. J. Alltg4 Compd.
1009-1016 (2019).

Watanabe, let al. Study on local structure in amorphous Sb—S Ims by Raman scattering. J. Non-CryS8, 3&liet0 (1983).

Guery, Get al. Evolution of glass properties during a substitution of S byGs,8h .S, ,S¢ glass networkl. Non-Cryst. Solids

358, 1740-1745 (2012).

d’Acapito, Fet al. Role of Sb dopant in Ag:Gé&ased conducting bridge random access memories. Phys. Status 3d8di A
311-315 (2016).

Upadhyay, M., Murugavel, S., Anbarasu, M. & Ravindran, T. R. Structural study on amorphous and crystalline state of phase change
material.J. Appl. Phy4.10, 083711 (2011).

Raty, J.-Y. Aging in phase change materials: Getting insight from simulRiticn.status solidi Rapid Res. 18®0590, 1800590

(2019).

Klocek, P. & Colombo, L. Index of refraction, dispersion, bandgap and light scattering in GeSe and GeSbSe glasses. J. Non-Cry:
Solid$93, 1-16 (1987).

Fang, Yet al.Methods for determining the refractive indices and thermos-optic coe cients of chalcogenide glasses at MIR wave-
lengths Opt. Mater. X2, 1000030 (2019).

Micoulaut, M.et al. Structure, topology, rings, and vibrational and electronic propert®@g $§ , glasses across the rigidity
transition: A numerical study. Phys. Re883054203 (2013).

Munzar, M.et al. Some optical properties of Ge—S amorphous thin Im. Curr. Appl. P@1-185 (2002).

Tasseva, J., Lozanova, V. & Todorov, R. Linear and non-linear optical propeBisdifped with the elements from IIl and V

group of the periodic table. Bulg. Chem. Comm&n33-37 (2013).

Raty, J.-Yet al. Aging mechanisms in amorphous phase-change materials. Nat. C@niid6¥ (2015).

SCIENTIFIC REPORTS  (2020) 10:11894 | S——'ed T'C4'""% wvawvy~ ezw{e~avxveal|}y}le-



51.
52.

53.

54.

55.

56.

57.

70.
71.

72

73.

74.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Ivanova, Z. G. et aDn the structural phase transformationg3gSh;,,S&, glasses. J. Non-Cryst. S@RZB-295, 580-585 (2001).

Sharda, S., Sharma, N., Sharma, P. & Sharma, V. Band gap and dispersive behavior of Ge alloyed a-SbSe thin Ims using sing
transmission spectrum. Mater. Chem. Phgdl, 158-162 (2012).

Wang, T.et al. Systematic z-scan measurements of the third order nonlinearity of chalcogenideQ@asktder. Express

1011-1022 (2014).

Pamukchieva, V., Szekeres, A., Sharlandjiev, P., Alexieva, Z. & Gartner, M. E et of composition on refractive index dispersion in

GeSbS thin Ims. Proc. Int. Semiconduct. Gpti01-104 (1998).

Fabian, M., Dulgheru, N., Antonova, K., Szekeres, A. & Gartner, M. Investigation of the atomic structure of Ge—Sb—Se chalcogenide
glassesAdv. Condens. Matter Phg9118, 1-11 (2018).

Abdel-Wahab, F., Ali Karar, N. N., El Shaikh, H. A. & Salem, R. M. E ect of Sb on the optical properties of the Ge—Se chalcogenide
thin Ims. Phys. B122, 40-46 (2013).

Shaaban, E. R., Kaid, M. A., El Sayed, M. & Adel, A. E ect of compositional variations on the optical properties of Sb—Ge—-Se thin
Ims. J. Phys. D Appl. Phyd,, 125301 (2008).

. Shportko, Ket al. Resonant bonding in crystalline phase-change materials. Nat. M&&3-658 (2008).
. Noé, P. & Hippert, F. Structure and properties of chalcogenide materials for PCM. In Phase Change Memory 125-179 (Springer

Cham, 2018).

. Moss, T. S. A relationship between the refractive index and the infrared threshold of sensitivity for photocoRdactdthys.

Soc. Sect.@®, 167-176 (1950).

. Zakery, A. & Elliott, S. R. Optical Nonlinearities in Chalcogenide Glasses and their Applications (Springer, Berlin, 2007).
. Wang, L.et al.Nonlinear silicon nitride waveguides based on a PECVD deposition platform. Opt. E&p8&$5—-9654 (2018).
. Choi, J. W,, Chen, G. F. R., Ng, D. K. T., Ooi, K. J. A. & Tan, D. T. H. Wideband nonlinear spectral broadening in ultra-short ultra-

silicon rich nitride waveguides. Sci. RgR7120 (2016).

. Kuriakose, Tet al. Measurement of ultrafast optical Kerr e ect of Ge-Sb-Se chalcogenide slab waveguides by the beam self-trapping

technique Optics Comm403, 352-357 (2017).

. Serna, St al. Nonlinear optical properties of integrated GeSbS chalcogenide waveguides. Ph6i@3Re342 (2018).
. Chen, Yet al. Optical and structure properties of amorphous Ge—-Sb—Se Ims for ultrafast all-optical signal processing. J. Alloy.

Compd580, 578-583 (2013).

. Romanova, Eet al. Measurement of non-linear optical coe cients of chalcogenide glasses near the fundamental absorption band

edgeJ. Non-Cryst. Solid80, 13-17 (2018).

. Sugai, S. Stochastic random network model in Ge and Si chalcogenide glasses. PB#s.1R6-R361 (1987).
. Fukunaga, T., Tanaka, Y. & Murase, K. Glass formation and vibration properties in the (Ge, Sn)-Se system. Solid State Commun

42,513-516 (1982).

Jackson, Ket al. Raman-active modes of a-GeBel a-GeS A rst-principles study. Phys. Rev68, 14985-14989 (1999).

Lannin, J. S., Maley, N. & Kshirsagar, S. T. Raman scattering and short range order in amorphous germanium. Solid State Commur
53, 939-942 (1985).

. Tao, H., Mao, S., Dong, G., Xiao, H. & Zhao, X. Raman scattering studies of the Ge-In sulphidédid<&tate Commuh37,

408-412 (2006).

Guo, H. T., Zhang, M.-J., Xu, Y.-T., Xia, X.-S. & Yang, Z.-Y. Structural evolution study of addiBbSs afid CdS intdGe$
chalcogenide glass by Raman spectroscopy. Chin. F2§;s1@®1208 (2017).

Lucovsky, G., Galeener, F. L., Keezer, R. C., Geils, R. H. & Six, H. A. Structural interpretation of the infrared and Raman spectrz
of glasses in the alloy syst€&®g_,S. Phys. Rev. B0, 5134-5146 (1974).

. Lucovsky, G., Nemanich, R. J. & Solin, S. A. Coordination dependent vibrational properties of amorphous semiconductor alloys.

Solid State Commu7, 1567-1572 (1975).

. Julien, Cet al. Raman and infrared spectroscopic studies of Ge—Ga—Ag sulphide glasses. Mat. 28, Eoi-E0 (1994).
. Quiroga, l.et al. Infrared studies of@e, ,:Sh 15 7sglassy semiconductor. J. Non-Cryst. SbhBés 183—-186 (1996).
. Petkov, K., Vassilev, G., Todorov, R., Tasseva, J. & Vassilev, V. Optical properties and structure of thin Ims from the system

GeSe-ShSe—Agl.J. Non-Cryst. Soli@$7, 2669-2674 (2011).

. Lannin, J. S. Raman scattering properties of amorphous As and Sbh. Phy$5R&868-3871 (1977).
. Rossow, Lkt al. Growth mode of ultrathin Sb layers on Si studied by spectroscopic ellipsometry and Raman scattering. Appl. Surf.

Sci.63, 35-39 (1993).

Shakhvorostov, et al. Evidence for electronic gap-driven metal-semiconductor transition in phase-change material0GNAS
10907-10911 (2009).

Lin, C.et al. Network structure iGeS$-ShS; chalcogenide glasses: Raman spectroscopy and phase transformation study. J. Phys.
Chem. 116, 5862-5867 (2012).

Droichi, M. S., Vaillant, F., Bustarret, E. & Jousse, D. Study of localized states in amorphous ch&tjeinide J. Non-Cryst.
Solids101, 151-155 (1988).

Kamitsos, E. I., Kapoutsis, J. A., Culeac, I. P. & lovu, M. S. Structure and bonding in As-Sb-S chalcogenide glasses by infrare
re ectance spectroscopy. J. Phys. Cheb®1311061-11067 (1997).

Nazabal, et al.Sputtering and pulsed laser deposition for near- and mid-infrared applications: A comparative GggynS;s

and GesShSes amorphous thin Ims. J. Appl. Ceram. Tech8pP90-1000 (2011).

Raty, J.-Yet al. Vibrational properties and stabilization mechanism of the amorphous phase of doped GeTe. PI3g.(R&2@

(2013).

Andrikopoulos, K. S., Yannopoulos, S. N., Kolobov, A. V., Fons, P. & Tominaga, J. Raman scattering study c668bdend
phase-change materials. J. Phys. Chem. 68]il874—1078 (2007).

Mendoza-Galvan, A., Garcia-Garcia, E., Vorobiev, Y. V. & Gonzéalez-Hernandez, J. Structural, optical and electrical characterization
of amorphousSgTe,, thin Im alloys. Microelectron. En§1-52, 677-687 (2000).

Varma, G. S. et al. ermally reversing window (Be sTess ,In, glasses: Nanoindentation and micro-Raman studies. J. Non-Cryst.
Solids358, 3103-3108 (2012).

Uemura, O., Hayasaka, N., Tokairin, S. & Usuki, T. Local atomic arrangement in Ge—Te and Ge—S-Te glasses. J. Non. Cryst. Soli
205-207, 189-193 (1996).

Brodsky, M. H., Gambino, R. J., Smith, J. E. & Yacoby, Y. e Raman spectrum of amorphous tellurium. Phys. $iat.609. B

(1972).

N mec, Pet al. Amorphous and crystallized Ge—Sb—Te thin Ims deposited by pulsed laser: Local structure using Raman scattering
spectroscopWater. Chem. Phy&36, 935-941 (2012).

Hu, Jet al. Exploration of waveguide fabrication from thermally evaporated Ge—Sb-S glass Ims. O@0M&66-1566 (2008).

Lo ™7+ 1% tetoe—e

E. Hena is gratefully acknowledged for his availability and support during sputtering deposition of the chal-
cogenide thin Ims. We also sincerely acknowledge L. Dura ourg, head of the LCO laboratory of the DOPT
department of CEA-LETI, for providing funding and related nancial support for PhD thesis of J.-B. Dory. is

SCIENTIFIC REPORTS  (2020) 10:11894 | S——'e8 T'C4'""% wvawvy~ ezw{s~avxveal|}y}le-



SCIENTIFIC REPORTS

work has been partially supported by the EIPHI Graduate School (under contractANR-17-EURJFa®@02
the FEDER Program of the Burgundy Region.

Author contributions

P.N. conceptualized and managed the project with help of C.S., B.C. and J.-B. J. J.-B. D. performed all exper
ments and treated all experimental data under supervision of P.N. and B.C. J.-B. D., C. C.-C., C.S., M.T. an(
M.B. prepared all the thin Im samples in LETI clean rooms. J.-M. F. supported J.-B. D. for the supervision of
the technological lots in LETI 200 mm technological platform. J.-B. D. performed spectroscopic ellipsometry
data modelling under supervision of P.N., B.C. and A.C. J.-B.D. performed all Raman and FTIR experiments
with invaluable help of A.V. e paper was written by J.-B. D. and P.N. with help of B.C. and A.V. All authors
have given their approval to the nal version of the manuscript.

Competing interests
e authors declare no competing interests.

TT(_(;.fZ (.A”’.f_(‘.
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-67377-9.

Correspondence and requests for materials should be addressed to P.N.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional a liations.

Open Access is article is licensed under a Creative Commons Attribution 4.0 International

52 License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. e images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http:/feezammons.org/liceses/by/4.0/.

© e Author(s) 2020

(2020) 10:11894 | S——'ed T'C4'""% wvawvy~ ezw{e~avxveal|}y}le-



	Ge–Sb–S–Se–Te amorphous chalcogenide thin films towards on-chip nonlinear photonic devices

