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a b s t r a c t 

In the past years, Ge 2 Sb 2 Te 5 has been considered a promising functional material for a variety of re- 

configurable multilevel devices, including photonic integrated circuits for the post-von Neumann arith- 

metic processing. However, despite significant advances, it is necessary to reduce the switching energy 

of Ge 2 Sb 2 Te 5 for creation of the on-chip low power all-photonic spiking neural networks. The present 

work focuses on the effect of tin ion implantation on the properties of amorphous Ge 2 Sb 2 Te 5 thin films, 

as well as on the performance of Mach-Zehnder interferometers and balanced beam splitters based on 

them. As a result, Sn-doping accompanied by the formation of weaker bonds in Ge 2 Sb 2 Te 5 thin films is an 

efficient approach to significantly reduce the threshold energy of fs-laser initiated phase transitions and 

change the effective absorption coefficient. The possibility of using the Sn-doped Ge 2 Sb 2 Te 5 thin films 

for fully optical multilevel reversible recording between 9 different levels (3 bits) has been demonstrated 

by experimental measurements of fabricated on-chip balanced beam splitters. The obtained results show 

that the Sn doping of Ge 2 Sb 2 Te 5 layer can be used to optimize the properties of the GST225 thin films, 

in particular to reduce the switching energy. So, it has the potential to improve the characteristics of 

reconfigurable multilevel nanophotonic devices using the GST225 thin films, including fully non-volatile 

memory and developed on-chip low power all-photonic circuits for post-von Neumann arithmetic pro- 

cessing. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Improvement of the methods of optical data transfer and pro- 

essing have led to rapid development of photonic integrated cir- 

uits (PICs) [ 1 , 2 ]. Application of PICs should significantly improve 

he performance of modern devices. Creation of fully integrated 

ICs can be enhanced by different nonvolatile nanophotonic ele- 

ents allowing to control parameters of optical signals (intensity, 
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avelength shifts, shape and position of the resonance wavelength, 

tc.). The usage of the telluride based phase change memory mate- 

ials (PCMs) is one of the ways to create reconfigurable nanopho- 

onic elements for PICs. 

The chalcogenide Ge 2 Sb 2 Te 5 (GST225) is one of several func- 

ional materials which has already been in wide use for differ- 

nt purposes, in particular, for optical discs (DVD, Blu-Ray) [3] and 

lectrical memory (PCRAM) [4] - in contrast to "promising" mem- 

ry device materials that remain "promising" and nothing more 

or decades. Thin films of GST225 are actively used in commer- 

ially successful rewritable optical [3] and electrical [5] storage ap- 

lications, as well as in reflective displays [6] , active antennas in 

he middle IR range [7] , thermal camouflage [8] , hologram ele- 

https://doi.org/10.1016/j.actamat.2022.117994
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ents [9] currently being developed. The wide application of this 

ompound is connected with the good combination of its physic- 

chemical properties such as rapid phase transitions (less than 

0 ns) [10] , sufficient stability of the phase states [11] , significant 

hange in the optical and electrical properties of the chalcogenide 

emiconductor films during phase transformations [12] . Also, the 

arge optical contrast between amorphous and crystalline phases 

f GST225 thin film makes it possible to create multilevel devices 

ue to different crystallization degrees [13] . 

The unique characteristics of GST225 material can be attributed 

o a combination of different factors. The authors of several works 

 11 , 14–16 ] showed that the structural features of the amorphous 

nd metastable (rocksalt) phases, in particular a large concentra- 

ion of vacancies, are a significant factor in explaining the ultra- 

ast phase transition between amorphous and metastable phases. 

t the same time, to elucidate the specific properties such as op- 

ical and electrical contrast between amorphous and crystalline 

tates, it is necessary to consider the factors associated with the 

ifference between the bonds and the atomic arrangement in both 

hases. Various mechanisms have been proposed to describe the 

ormation and stabilization of the "long" and "short" Ge-Te chem- 

cal bonds (also called the metavalent bonds), such as the mod- 

ls based on the resonance bond [17–19] and Peierls distortion 

19–21] . For instance, certain related materials were compared in 

he works [ 18 , 22 ]. There, the possibility of explaining the switch-

ng and significant contrast of the properties of GeTe, PbTe, GeS, 

b 2 Te 3 , Bi 2 Se 3 , AgSbTe 2 and GST225 between amorphous and crys- 

alline states was demonstrated from the standpoint of the metava- 

ent bonding mechanism. 

Combination of the GST225 advantages with modern achieve- 

ents in nanophotonics should allow to create a variety of recon- 

gurable multilevel devices, for example, multilevel on-chip non- 

olatile memory [ 23 , 24 ] or post-von Neumann arithmetic process- 

ng [25] . The operating principle of those devices is based on 

he significant changes in the optical properties of GST225 thin 

over during phase transitions between amorphous and crystalline 

tates. As a result, crystallization and amorphization processes in 

ST225 are accompanied by changes of waveguide’s optical losses. 

t present, the possibility of controlling the parameters of an op- 

ical signal in a linear waveguide structure [26] , micro-ring res- 

nator [27] and interferometers [28] by changing the phase state 

f the GST225 material have been demonstrated. 

Significant progress was made in the fabrication of hybrid 

anophotonic devices using the GST225 thin films, and their ben- 

fits were demonstrated on separate devices. However, the tran- 

ition to large-scale PICs, including hundreds and thousands of 

omponents, requires a substantial reduction in the switching en- 

rgy of the GST225 during the writing and erasing operations. The 

earch for materials with lower switching energy than GST225 is 

specially important to create fast all-photonic spiking neural net- 

orks [29] . 

To improve the performance of phase-change memory devices 

speed, power consumption, interlevel contrast, optical losses at 

perating wavelengths, etc.) several approaches are used: 

1) the search for alternative GST225 compositions is in progress 

Ag-In-Sb-Te, Se-Sb-Te, Sc-doped Sb 2 Te 3 [30] , Sb 2 Se 3 , Sb 2 S 3 [31] ,

tc.); 2) the variation of the element content within the Ge-Sb- 

e system (GeSb 4 Te 7 , GeSb 2 Te 4 , GST225, Ge 8 Sb 2 Te 11 , etc.); 3) at-

empts are being made to use the heterostructures formed by alter- 

ating GeTe and Sb 2 Te 3 monolayers [32] ; 4) various modifying im- 

urities are introduced into GST225. It should be noted that each 

f the approaches can be an effective improvement tool for spe- 

ific areas of application. For example, it was shown in [32] that 

eplacing the GST225 with Sb 2 Se 3 and Sb 2 S 3 leads to a decrease 

n optical losses due to a decrease in the absorption of functional 

ayers. 
2 
However, a radical change in the used material leads to a 

hange in all the device parameters and switching strategies that 

ave been worked out for the GST225. So, one of the main advan- 

ages of doping is the possibility to carry out the targeted precision 

uning of the characteristics of the created structure based on the 

ST225 which has already approved itself as a brilliant material 

or phase-change memory devices and has been studied in suffi- 

ient detail. 

Nevertheless, modification of the characteristics of chalcogenide 

itreous semiconductors is a complex problem due to their low 

ensitivity to doping, and this distinguishes them from crystalline 

emiconductors such as Si or Ge. Currently, a large number of 

orks have been published investigating the influence of the var- 

ous dopants (N [33] , O [34] , C [35] , Mg [36] , Al [37] , Si [38] , Sc

30] , Ti [39] , V [40] , Cr [41] , Ni [42] , Cu [43] , Zn [44] , As [45] , Se

46] , Mo [47] , Ag [48] , In [49] , Sn [50] , Sm [51] , Bi [52] , W [53] ,

nd et al.) on the properties of Ge-Sb-Te thin films. A number of 

he listed impurities, for example, carbon, tin, scandium and zinc, 

an help energy-saving and accurate multi-state formation. How- 

ver, in the present study, we focused on the tin as a dopant el- 

ment for GST225, used as a functional layer of the nanophotonic 

evices. Our motivation was as follows. 

First, the Sn introduction into amorphous GST225 thin films 

eads to a decrease of the duration of laser pulse required to initi- 

te the crystallization process, which was demonstrated by R. Ko- 

ima et al. [54] and confirmed by other studies [55] . According to 

he data of Raman spectroscopy [56] and X-ray diffraction [50] for 

ST225 thin films doped by Sn, it can be stated that the intro- 

uction of tin atoms leads to a noticeable change in the vibra- 

ional bonds and the parameters of the structure. The Sn and Ge 

re isovalent and isomorphic elements with close values of elec- 

ronegativity. So, we can expect the replacement of the germanium 

cation site) by tin and the formation of Sn-Te bonds without sig- 

ificant lattice disturbance. This replacement of Ge atoms by Sn 

ill be accompanied by a sufficient decrease of the binding ener- 

ies from 402 kJ/mol for the Ge–Te bond to 319.2 kJ/mol for that 

f Sn–Te [57] . In this case, even a small amount of Sn dopant can

hange the switching parameters for the GST225 thin film, in par- 

icular, reduce the energy needed to initiate the phase transitions. 

his assumption is indirectly confirmed by the change in crystal- 

ization behavior [58] and observed decrease in the temperature 

59] , threshold current [60] or laser radiation energy [61–63] re- 

uired for crystallization. However, it has been argued in some 

orks [64–66] that introduction of the tin dopant into the GST225 

hase change material slightly increases the crystallization temper- 

ture. 

Second, analysis of the results [33–53] shows that for the suffi- 

ient variation of properties, dopant atoms must have close param- 

ters to those of the components of GST225, providing incorpora- 

ion of the dopant atoms into the lattice with minimal stresses. 

therwise, phase separation and element segregation may occur 

uring both the writing and erasing processes in devices based on 

he PCMs. According to the results of the calculation of the dop- 

ng formation energy obtained through the computational dopant 

creening process [67] , tin has the greatest thermodynamic sta- 

ility of the substitutional dopant in GST225, compared with the 

ost elements used for doping Ge-Sb-Te. Moreover, despite the in- 

rease of the lattice parameters for the crystalline states [55] due 

o a noticeable difference in the covalent radii of Sn (1.44 Å) and 

e (1.22 Å), an introduction of low Sn concentrations should not 

ignificantly affect the material stability. The results of the study 

68] confirm that a phase separation on GST225 and SnTe during 

he crystallization process is observed only in case of large Sn con- 

entrations above 11.6 at.%. The phase separation can lead to an 

ncrease in the crystallization temperature [69] . However, even in 

ase of a two-phase separation, GST225 (fcc) and SnTe (cubic lat- 
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ice) have a similar structure, so the doping should not significantly 

nfluence the phase stability of devices based on the PCMs [68] . In 

his study, we use a low Sn concentration (less than 2 at.%) to min-

mize the probability of the phase separation. Herewith, another 

istinctive feature of this work is the application of the ion implan- 

ation method as a way to provide a chemical modification. This 

ethod is widely used in the microelectronic industry, and its po- 

ential for modifying layers of the phase change memory materials 

as been noted in [ 35 , 70 , 71 ]. The attractiveness of this method lies

n the possibility of creating the necessary concentration profiles of 

mpurities in thin films in a wide range of temperatures, including 

ow temperatures, which is extremely important for doping thin 

lms of amorphous materials. 

Third, optimal operation of nanophotonic devices requires a 

ell-suited combination of optical properties for PCMs. Most stud- 

es [ 59-63 , 68 ] focus on the influence of Sn dopant on the optical

eflection contrast that was detected by spectrophotometry and el- 

ipsometry from large areas of thin films. For the first time, we de- 

ermined the effect of the tin dopant on the absorption coefficient 

f the amorphous and crystalline GST225 cover using the results 

f a direct study of fabricated waveguide structures. These results 

ill help to predict the influence of tin dopant on the operation 

f integrated nanophotonic devices at a telecommunication wave- 

ength of 1550 nm more accurately, as well as to optimize of their 

onstruction. 

Thus, the aim of this study is to investigate the effect of tin ion

mplantation on the structural, optical and laser switching proper- 

ies of GST225 thin films, as well as on the properties of hybrid 

ultilevel nanophotonic components on their basis. 

. Methods 

.1. Fabrication of on-chip silicon nitride nanophotonic devices 

On-chip nanophotonic devices, including Mach-Zehnder inter- 

erometers, balance splitters, as well as freely lying GST225 cells, 

ere fabricated on the basis of multilayer dielectric structures. Sil- 

con was used as a substrate, covered by wet thermal silicon diox- 

de (2.6 μm) and then by stoichiometric low pressure chemical va- 

or deposited (LPCVD) silicon nitride with a thickness of 450 nm. 

he fabrication process included six main steps (Supplementary 

nformation, Fig. S1). 

During the first stage, using the photolithography, Ti/Au ther- 

al evaporation and lift-off process, the alignment marks were 

ormed. In the second stage, using electron-beam (e-beam) lithog- 

aphy, an image of the Si 3 N 4 waveguides in the positive resist ZEP 

20A was written. After development in O-Xylene, the stage was 

ompleted by reactive ion etching (RIE) in CHF 3 atmosphere. In the 

hird stage, the next e-beam lithography process which determined 

he location and size of the GST225 cells atop of Mach-Zehnder in- 

erferometers (MZIs) and balanced splitters (BSs) was performed. 

n the fourth stage, the initial amorphous GST225 films with a 

hickness of about 30 nm were deposited at room temperature by 

C magnetron sputtering of the polycrystalline target. Two identi- 

al sets of nanophotonic circuits on the same chip with the same 

arameters were prepared. 

In the fifth stage, the ion implantation method was used to 

ntroduce Sn impurity into GST225 layers. Ion implantation is a 

oping method which is very often used in microelectronics to 

hange the thin films properties. Accelerated ions can penetrate 

rom nanometers to micrometers deep into the material, depend- 

ng on the ion energy and chemical composition of the material. By 

hoosing appropriate implantation parameters and film thickness, 

niform Sn distribution along the film depth and homogeneous 

roperties can be provided. Additionally, by varying the dose, thin 

lm samples with different impurity concentrations can be ob- 
3 
ained. So, tin ion implantation can be used to optimize the prop- 

rties of amorphous GST225 thin films. The ion implantation into 

he GST225 was carried out by Multipurpose Test Bench (MTB). 

he MTB consists of the MEVVA type ion source, an electrostatic 

ocusing system, a system of current and a beam profile measure- 

ents. The charge state distribution of the tin beam generated by 

EVVA was measured by the time-of-flight method. Except for the 

nitial 15 μs, the distribution was stable, and the beam consists of 

3% of Sn 

1 + ions and 57% of Sn 

2 + ions. The beam irregularity at 

he target position was ±10%. The Sn ion implantation was carried 

ut at 41 ±1 kV accelerating voltage with the beam pulse length of 

50 μs and the repetition rate of 2 pps. A more detailed description 

f the implantation process is presented in [72] . A series of sam- 

les with a different concentration of an Sn dopant was prepared. 

e used 2.8 ·10 14 , 1.4 �10 14 , 0.7 �10 14 and 0.14 �10 14 p/cm 

2 fluences

or the Sn implantation, which were calculated for the Sn concen- 

rations in GST225 film of 2.0, 1.0, 0.5 and 0.1 at.%, respectively. 

he half of the devices was covered by a bulk rigid metal mask for 

rotection, the other half was opened during the Sn implantation 

rocess. 

In the sixth step, a silica coating layer was used to prevent ox- 

dation during the investigation. The lift-off in acetone completed 

he procedure of nanophotonic devices fabrication. The micrograph 

f one of the fabricated devices is shown in Fig. 1 . 

.2. Measurement setups 

The uniformities of element distributions across the thickness 

f the investigated thin films were determined by Auger electron 

AES, Physical Electronics PHI-670xi) and Time-of-Flight Secondary 

on Mass (TOF-SIMS, Ion TOF ToF.SIMS 5) spectrometries. Depth 

rofiles of atomic concentrations of elements were obtained by the 

ES method using sample sputtering by an Ar + ion beam (2 kV, 

.35 μA). In the interval between the etching steps, the surface of 

amples was analyzed by an electron beam (5 kV, 20 nA). The di- 

meter of the analyzed area was 100 μm. Concentrations of ele- 

ents were determined in accordance with the model of homo- 

eneous distribution of components using element sensitivity co- 

fficients method. The Sn profiles were obtained only for the thin 

lms after implantation with fluences above 2.8 �10 14 p/cm 

2 , which 

s connected with the resolution of the used AES spectrometer. 

he TOF-SIMS analyses were performed using a Bi + analysis beam 

30 kV, 15 pA) and a Cs + sputtering beam. Accelerating voltage 

or the etching was chosen to be 500 V for optimal depth reso- 

ution, as in this etching regime additional relief does not appear 

n the sample. The sputtering raster area was 30 0 ×30 0 μm 

2 and

he analysis area was 100 × 100 μm 

2 . 

The structure changes were investigated by the Raman study, 

e used HORIBA LabRAM HR Evolution spectrometer with 514 nm 

xcitation wavelength, 600 lines/mm diffraction grating, Olympus 

Plan N 100 × 0.9 NA objective (built-in microscope Olympus 

X41), and a laser spot of 4 μm in diameter. The excitation power 

as limited to 0.1 mW to avoid heating effect during the acqui- 

ition of spectra. A standard Horiba Raman edge filter was used 

XR3001, 520AELP). The cut off of the filter was 50 cm 

−1 . A CCD 

atrix detector was used for spectra recording. The accumulation 

ime and accumulation number were 20 s and 4, respectively. The 

alibration of the LabRAM HR spectrometer was verified before and 

fter each investigated sample by acquiring Raman spectra of a 

tandard silicon wafer. 

The chemical states of the investigated thin films were inves- 

igated by X-ray Photoelectron Spectroscopy (XPS). We used the 

PS equipped by an Al/Mg twin anode non-monochromatized X- 

ay source and Phoibos 100 MCD-5 series hemispherical energy 

nalyzer produced by Specs GmbH. The samples were preliminar- 

ly etched by Argon-ion plasma in order to clean the surface as the 
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Fig. 1. The fabricated nanophotonic devices and the results of their analysis. (a) The schematic view of two types of on-chip nanophotonic devices: Mach-Zehnder interfer- 

ometers and balanced splitters with Sn-doped GST225 (left) and undoped GST225 (right). (b) The schematic of PCM cell. (c, d) Optical micrographs of the fabricated MZI and 

BS with PCM cell on one of the arms. The white and red arrows show the directions of light propagation for the probe and pump laser signals, respectively. (e-g) Scanning 

electron microscopy images of PCM cells with different lengths (4, 12, 20 μm) on top of a rib silicon nitride waveguide. (i) TEM image and Fourier transform pattern (insets) 

for amorphous GST225 thin film. (j) Morphology of the one of the fabricated PCM cells obtained by means of an atomic force microscope. 
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amples were exposed to air. During the measurements, the sam- 

les were cooled down to the liquid Nitrogen temperature to avoid 

ny heating originating from the X-ray source exposure. In order to 

etermine the chemical environment of the Ge–Sb–Te system, the 

PS spectra acquired were decomposed by the CasaXPS program. 

A spectroscopic ellipsometer (Horiba Uvisel 2) was used to 

easure the optical constants in the range from 190 to 2100 nm 

ith wavelength steps of 5 nm. To extract the refractive index and 

he extinction coefficient of GST225 thin films, the ellipsometric 

pectra were evaluated by a PsiDelta program using a five-layer 

odel (air - surface - GST225 - SiO 2 - Si). The surface rough- 

ess was defined by effective medium approximation (a mixture 

f 50% film and 50% void). A single Tauc-Lorentz (TL) oscillator 

as applied to calculate the refractive index ( n ) and the extinc- 

ion coefficient ( k ) spectra of the amorphous Sn-doped GST225 

lms. 

The undoped and implanted samples were irradiated by the 

b:KGW femtosecond laser Pharos SP (Light Conversion) with the 

avelength of 1030 nm. The pulse duration and the repetition rate 

ere 180 fs and 200 kHz, respectively. The Gaussian beam pro- 

le was recorded using a CCD camera Spiricon SP620U (Ophir). 

he diameter of the normally incident laser beam at the sam- 

le plane was about 65 μm (1/ e 2 ). During the light exposure the

lms were moved in the plane perpendicular to the light beam 

y the Aerotech ABL10 0 0 air-bearing high precision 3D translation 

tage. We used the sets of 500 pulses and the repetition rate of 

00 kHz for the laser irradiation of the investigated thin film sam- 

les. Schematic view of the experimental setup is shown in Sup- 

lementary information, Fig. S2. Microscopy of the modified areas 

as performed using an optical microscope with a 100 × 0.9 NA 

bjective lens (Carl Zeiss Axiovert 40 MAC). 

We used a setup that includes a precisely movable x, y, z , 

ngle stage with picomotors (New Focus 8303), a tunable laser 

ource (New Focus TLB 6600) and an optical microscope for pre- 

iminary alignment. Light entered the fiber array through a polar- 

zation controller with a period of 250 μm, located at an angle of 

 ° to the chip normal. After passing through nanophotonic devices, 

he transmission spectrum was measured by a fast photodetector 

Hamamatsu G9801), the electrical signal from which was ampli- 

ed and recorded by a data acquisition system. 
4

The experimental setup for the multilevel reversible recording 

as realized using a pump-probe scheme. The pump pulses were 

ormed using a laser (TeraXion - PureSpectrum NLL) in a standby 

ode. We used a programmable RF generator (Highlandtechnology 

 P400) as a trigger source. The RF pulse of the generator initiated 

he generation of laser radiation, wherein the profile of the electric 

nd optical pulses was similar in shape. Further, the pump pulse 

as amplified (Keopsys CEFA-C-PB-HP) and then passed through a 

rogrammable attenuator (EXFO - FVA-600) which made it pos- 

ible to control the amplitude (power) of the optical pulse. To 

ead the transmission changes in the PCMs, we used CW probe 

ight from the second laser (NewFocus TLB-6600). Optical circula- 

ors were used to ensure the independence of the pump and probe 

hannels (Supplementary Information, Fig. S3). 

. Results and discussions 

.1. Fabrication of on-chip silicon nitride nanophotonic devices 

We fabricated samples with double sets of two types of 

anophotonic devices based on the silicon nitride waveguides 

 Fig. 1 a, b). The first type of devices is MZIs, which were used

o investigate the amorpous and crystalline thin films as a part 

f waveguide devices ( Fig. 1 c). The second type is BSs, which 

ere used to demonstrate a multilevel reversible switching of the 

amples with Sn-doped GST225 by pump and probe laser pulses 

 Fig. 1 d). A detailed description of the fabrication process and mea- 

urement setups is presented in the experimental section, here we 

nly focus on the main features of the fabricated samples. 

The thin coverings of GST225 were formed on one of the arms 

f devices. Each set of the samples includes devices with differ- 

nt lengths of GST225 thin coatings along the waveguide, which 

aried from 4 to 20 μm ( Fig. 1 e-g). We fabricated four samples

ith different Sn-concentrations (0.1, 0.5, 1.0, 2.0 at.%). It should 

e noted that each sample had the sets with the Sn-doped GST225 

nd the reference undoped GST225 ( Fig. 1 a), which was protected 

y a rigid metal mask during the Sn implantation process (Supple- 

entary Information, Fig. S1). The results of transmission electron 

icroscopy (TEM) and of the Fourier transform pattern analysis 

 Fig. 1 i) determined the amorphous state for obtained thin films. 
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Fig. 2. The experimental Raman scattering spectrum of the amorphous GST225 film compared with the fitting results (a) and spectra of the thin films with a different 

amount of Sn dopant (b). 
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he composition measurements along the thickness of the fabri- 

ated thin films are shown in Supplementary Information, Fig. S4. 

he composition of the films is close to Ge 2 Sb 2 Te 5 and has uniform

lemental distribution along the film thickness. It should be noted, 

hat investigated samples have very thin (4–5 nm) amorphous ox- 

de layer at the film surface, the residual amount of oxygen is less 

han 3 at.% and the same for all the investigated films. 

In order to avoid the influence of the atmosphere [73] on 

he PCM thin films during the switching process, the fabricated 

lms were coated with SiO 2 thin films ( Fig. 1 b). In most works 

 23 , 26 , 74-76 ] an ITO cap layer was used. Our choice of SiO 2 instead

f ITO is based on its higher transparency in wavelength range 

ear 1550 nm, which makes it possible to minimize optical losses 

f the additional energy on the absorption by this layer. The AFM- 

can of one of the PCM areas of the sample after all technological 

perations is shown in Fig. 1 (j). 

Thus, two types of devices with different lengths of the PCM 

overings based on Sn-doped and reference undoped GST225 were 

vailable. This provided us with an opportunity to compare their 

haracteristics. 

.2. Investigation of as-deposited Sn-doped GST225 thin films 

As it was noted in the introduction, effective property control of 

he GST225 thin films is possible if the impurities in the structure 

f the material are incorporated. In the present work, we used Ra- 

an spectroscopy and XPS to determine the influence of implanted 

in ions on the peculiarities of structure modification in GST225 

hin films. 

Raman spectroscopy was used to determine the impact of the 

in dopant (0.1, 0.5, 1.0, and 2.0 at.% Sn) on the structure pecu- 

iarities of amorphous GST225 thin films. The experimental Raman 

pectrum of the as-deposited undoped GST225 thin film measured 

n the frequency range from 65 to 250 cm 

−1 is shown in Fig. 2 ( а ).
he deconvolution of initial Raman spectrum was carried out us- 

ng Gaussian fitting. Also, the positions and values of full width at 

alf maximum (FWHM) for the deconvoluted peaks are presented 

n Table 1 . 

In the broadband frequency range 100–180 cm 

−1 two character- 

stic overlapping peaks A and B can be observed. The appearance 

f the intense peak A at ∼ 120 cm 

−1 can be attributed to the A 1 

ode vibrations of the GeTe 4-n Ge n ( n = 2, 3) corner-sharing tetra- 

edra, which was mentioned in several works [77–80] . 

The origin of the peak B ( ∼ 154 cm 

−1 ) can be explained using

wo different approaches. In [ 81 , 82 ] the appearance of the peak

 is attributed to the vibrations of corner-edge GeTe 4-n Ge n tetra- 

edra ( n = 2, 3). On the other hand, the stoichiometry composi- 
5 
ion of the studied material corresponds to the quasi-binary GeTe - 

b 2 Te 3 alloy, and it seems possible to distinguish the contributions 

f both components to the experimentally observed spectra. So, a 

ore convincing version which most researchers support is that 

his peak is caused by Sb–Te vibrations (stretching A 

2 
1g -modes) in 

bTe 3 pyramidal units [ 79 , 82-85 ] or is connected to the defective

ctahedral coordination of Sb atoms [ 77 , 78 , 80 , 86 ]. 

The peaks C 1 at 78 cm 

−1 and C 2 at 91 cm 

−1 may correspond 

o the E-mode vibrations of the threefold coordinated Te atoms 

nd Ge atoms located in GeTe 4 tetrahedral sites [ 80 , 81 , 83 , 85 , 87 ].

t should be noted that the boson peak tail (region of 30–45 cm 

−1 )

88] and used edge filter (cut off is 50 cm 

−1 ) could influence the 

hape of the spectra at the low frequency range. The broad and 

igh-frequency peak D ( ∼ 210 cm 

−1 ) can be explained by the F 2 -

ode vibrations of a GeTe 4 tetrahedra [ 77 , 78 , 80 , 82 , 83 ]. However,

he characterization of the amorphous GST225 by only the tetra- 

edral Ge atoms is questionable. An alternative approach currently 

eing considered is that the amorphous GST225 is also mostly oc- 

ahedral, yet with more pronounced Peierls distortions than the 

orresponding crystalline state [ 19 , 21 ]. 

The tin implantation leads to redshifts of the main peaks A and 

. These changes in peak positions become more noticeable as the 

opant concentration increases. (see Fig. 2 b). 

With the rising tin concentration up to 2.0 at.% the peak A po- 

ition shifts to ∼ 115 cm 

−1 . This change is probably due to the 

ormation of Sn–Te bonds during tin ions implantation and, as a 

esult, structural units of SnTe 4-n Sn n ( n = 2, 3) coexisting together 

ith the GeTe 4-n Ge n ( n = 2, 3) structural units. Formation of the 

ew units occurs according to the mechanism of substitution and 

auses effective replacement of Ge atoms by Sn. Moreover, replace- 

ent of Ge atoms by Sn is accompanied by a decrease in binding 

nergies from 420 kJ/mol for the Ge–Te bond to 319.2 kJ/mol for 

hat of Sn–Te [59] Therefore, the formation of these new structural 

nits is highly likely and can lead to a shift of the peak A position

o lower wavenumbers. 

The peak B position also shifts to the lower frequency range 

from 154 cm 

–1 for undoped thin films to ∼149 cm 

–1 for films with 

.0 at.% Sn). In this case, similar arguments in favor of Sb substi- 

ution by Sn with the formation of Sn 2 Te 3 and Sn 3 Te 2 in the SnTe

ublattice seem to be doubtful. This substitution is not energeti- 

ally favorable demanding more energy than it is required to create 

b-Te bond (277.4 kJ/mol) [57] . The changes in short-range order 

nd redistribution of electron density in the local area caused by 

in ion implantation are more plausible explanations of the peak 

 position shift. It is known that peak shifts in the Raman spectra 

re due to the appearance of stresses in the structure caused by a 

hange in bond lengths [89] . 
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Table 1 

Positions and full width at half maximums of the deconvoluted peaks of Raman spectra. 

Sn,at.% C 1 C 2 A B D 

peak 

position 

(cm 

−1 ) 

FWHM 

(cm 

−1 ) 

peak 

position 

(cm 

−1 ) FWHM(cm 

−1 ) 

peak 

position 

(cm 

−1 ) FWHM(cm 

−1 ) 

peak 

position 

(cm 

−1 ) FWHM(cm 

−1 ) 

peak 

position 

(cm 

−1 ) FWHM(cm 

−1 ) 

0.0 78 7.3 91 8.3 120 19.5 154 18.3 210 52.0 

0.1 78 7.3 91 8.3 120 19.4 154 18.2 210 52.0 

0.5 78 7.3 90 8.3 119 19.4 152 18.8 210 52.0 

1.0 77 7.3 89 8.3 117 19.8 151 18.6 210 52.0 

2.0 77 7.0 89 8.3 115 19.0 149 19.0 210 52.0 

Fig. 3. Results of the XPS spectra peak decompositions for the GST225 thin film with 2 at.% of Sn for Ge 3d (a), Sb 3d (b), and Te 3d (c) electron core levels; and detailed 

Te 3d electron core level spectra for the undoped GST225 (d) and GST225 with 2 at.% of Sn (e). 

Table 2 

Results of XPS spectra decomposition for each chemical binding and different doping levels. 

Sn,at.% Te 3d 5/2 Ge 3d Sb 3d 

Te-Te (%) Te-Ge (%) Te-Sb (%) Te-Sn (%) Ge-Te (%) Ge-Ge (%) Ge-Sb (%) Sb-Sb (%) 

0.0 93.6 6.0 1.4 0 70.9 23.7 5.4 94.1 

0.5 92.1 6.3 1.5 0.1 70.7 23.6 5.7 91.4 

1.0 91.4 6.4 1.6 0.6 76.5 16.5 7 91.1 

2.0 89.5 6.9 2.6 1 77.6 14.9 7.4 91.9 
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In the amorphous state, the change in the length of Te–Sb 

onds is associated with the change in the position of Ge atoms. 

ccording to [90] , the lengths of long and short bonds of Ge–Te 

n the GST225 structure become longer and shorter with impu- 

ity introduction. This also can lead to lattice deformations and 

hanges in the A 

2 
1g mode vibration frequency of the Sb 2 Te 3 struc- 

ural units. 

The obtained XPS spectra of the components were measured 

nd decomposed in order to investigate the bond breaking and 

ond switching mechanism induced by the variation in the amount 

f the Sn dopant. The results of peak decomposition are shown in 

ig. 3 and spectra decomposition for each chemical binding and 

oping level are summarized in Table 2 . A small amount of resid- 

al oxygen, which occurs in the spectra, is less than 3 at.% and is 

he same for all the investigated films. Due to the XPS sensitivity 

evel, the samples with doping level below 0.5 at.% of Sn were not 

ecomposed and are not included there. 

The formation mechanism of the new chemical state caused 

y the doping is that the amount of the Te–Te homopolar bonds 
6 
ecreases as the Sn dopant concentration increases. As a result, 

ew Te–Ge, Te–Sb and Te–Sn heteropolar bonds appear and in- 

rease. The same behavior is demonstrated by the Sb bondings. The 

mount of homopolar Sb-Sb bonds decreases, while new Te–Sb and 

e–Sb heteropolar bonds form and the doping level goes up. 

It should be mentioned that introduction of Sn atoms is accom- 

anied by the formation of new heteropolar bonds of Sn with Te 

nly, which is explained by the higher binding energies of Te–Ge 

han that of Te–Sn. For the same reason we haven’t seen any of 

e–Sn bonds. 

So, analysis of Raman and XPS results for Sn-doped GST225 

hin films showed that in the process of tin ion implantation Ge 

toms are efficiently replaced by Sn owing to the formation of new 

ow-energy heteropolar Sn–Te bonds. Formation of these bonds can 

ead to a decrease of the crystallization and amorphization ener- 

ies. 

The optical properties of the PCMs are crucial for the switching 

rocesses in the reconfigurable nanophotonic elements being de- 

eloped, including energy consumption. Introduction of Sn dopant 
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Fig. 4. Influence of Sn doping on the spectra of the extinction coefficient (a) and refractive index (b), and on the optical constants at 1550 nm (c). 
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nto GST225 thin films, accompanied by the determined changes 

f the chemical bonds, should lead to changes in their spectra of 

xtinction coefficient ( k ) and refractive index ( n ). The experimental 

pectra of the investigated thin films are monotonic curves without 

scillations. ( Fig. 4 ). 

Introduction of tin even in low concentrations leads to a change 

n both the real and imaginary parts of the complex refractive in- 

ex. At the telecommunication wavelength (1.55 μm), the extinc- 

ion coefficient monotonically increases up to several times, while 

he refractive index increases about by about 5% only, reaching its 

aximum at a value of 0.5 at.% Sn and then decreases. As a re-

ult, Sn doping can serve as a powerful tool to increase light ab- 

orption in nanophotonic devices, solving for specific tasks when 

ecessary. 

Thus, based on the results of the thin film investigation, the 

ollowing improvements can be expected. Firstly, the formation of 

eaker Sn-Te bonds in GST225 thin films should lead to a de- 

rease in the energy needed to switch the PCM film between 

he amorphous and crystalline states. Secondly, the increase of 

he extinction coefficient of GST225 films will lead to the growth 

f the effective absorption coefficient of the nanophotonic de- 

ices, which as a result, will be accompanied by the improve- 

ent of the conversion efficiency of the light pulse energy into 

eat. Next, we sequentially examined these hypothesizes, since 

oted effects play a decisive role in achieving a complex reduction 

n the energy consumption of the reconfigurable devices under 

evelopment. 

.3. Investigation of the on-chip effective absorption coefficient 

The influence of Sn doping on the effective absorption index 

f the nanophotonic devices based on GST225 thin films was ex- 

mined by the experimental study of fabricated MZIs with differ- 

nt lengths of the PCM layer. The measured transmission spectra 

or the fabricated nanophotonic circuits with amorphous Sn-doped 

ST225 and undoped GST225 film coverings from 4 to 20 μm long 

re presented in Fig. 5 . For clarity, each spectrum is shifted by 

5 dB relatively to one another. 

The measured spectra demonstrate periodic interference de- 

ending on the wavelength with free spectral range (FSR) ≈ 4 nm 

etermined by the light path difference ( �L = 280 μm) between 

he two arms of the MZI with waveguide effective refractive index 

 n eff). 

Fig. 5 is shown that tin doping leads to a change in the MZI 

ransmission spectra depending on the PCM covering length and 

he level of Sn doping. Before GST225 thin film deposition, the MZI 

as balanced with the extinction ratio (ER) ≈ 20 dB. Deposition of 

he absorbing material leads to an imbalance of the MZI, which is 

ue to the incomplete light interference at the output and also to 

he decrease of ER. The larger the absorbing area, the worse the 

alancing and the less the ER . 
7 
The output power P out of MZI can be expressed by: 

 out = 

P in 
4 

(
e −μl + 1 + 2 e −μl/ 2 cos 

(
2 πn e f f �L/λ

) )
, (1) 

here P in is the input power, μ is the attenuation coefficient and λ
s wavelength of the light in vacuum. 

In this case, ER , which is equal by definition to the ratio of the

aximum ( P max ) and minimum ( P min ) transmitted powers, can be 

ritten as 

R ≡ P max 

P min 

= 

1 + 2 e −μl/ 2 + e −μl 

1 − 2 e −μl/ 2 + e −μl 
= 

(
1 + e −μl/ 2 

)2 

(
1 − e −μl/ 2 

)2 
, (2) 

hile the attenuation coefficient μ can be extracted from Eq. (2) : 

= −2 

l 
ln 

(√ 

ER − 1 √ 

ER + 1 

)
. (3) 

Fig. 6 (a) shows the dependence of ER on the length of the 

morphous PCM covering on the top of one of the MZI arms, cal- 

ulated from the transmission spectra in Fig. 5 (a) using Eq. (3) . 

Fig. 6 (a) shows, on the one hand, that with an increase of the 

CM covering length, the extinction ratio decreases, thereby con- 

rming our initial qualitative statement about the imbalance of 

he interferometer. On the other hand, the Sn-doped GST225 has 

ower ER values compared to the undoped GST225. This indicates 

 higher attenuation coefficient value for the Sn-doped GST225. 

It is possible to extract the attenuation coefficient using two 

ays. The first way is a numerical fit of ER(μ) according to 

q. (2) (green and black solid lines in Fig. 6 (a), where μ is an un-

nown parameter. This way is fast, but not so visual. The second 

ay requires obtaining the attenuation coefficient in a more ex- 

licit and visual form, substituting μ ( Eq. (3) ) in the Beer–Lambert 

aw: A [ d B] = 10 × log( e −μl ). The calculated dependence of the at-

enuation on the PCM covering length is shown in Fig. 6 (b), where 

he slope of the linear fit (green and black solid lines) shows the 

ttenuation coefficient [dB/μm]. 

The attenuation coefficient includes light scattering ( s ), reflec- 

ion ( r ) and absorption ( α) coefficients in the general case. Nu- 

erical modeling performed by Rios et al. [74] showed that, due 

o evanescent mode coupling, the GST225 cell reflection is about 

30 dB, therefore, the coefficient r can be neglected. Moreover, ac- 

ording to the calculated data, light scattering is significant for the 

CM covering length up to 1–2 μm. The higher scattering losses 

ake place in this case due to the PCM covering length which is on 

he same scale as the wavelength of light in the waveguide. In this 

ork, we use a PCM covering length in the range of l = 4–20 μm,

here absorption contributes mostly to the attenuation coefficient 

μ≈α). For this reason, the attenuation coefficient found here can 

e considered as effective absorption coefficient α. 

The extracted values of α for the amorphous and crystalline 

hin films with each Sn concentration are shown in Fig. 6 (c). It 
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Fig. 5. ( а ) Measured transmission spectra for MZI devices with amorphous GST225 (dashed thin line) and amorphous Sn doped GST225 (solid thick line) for different values 

of the PCM covering length. Red solid and dashed lines show the reference devices without PCM thin film atop. For clarity, each spectrum is shifted by 25 dB relatively 

to one another. (b) Higher resolution spectrum of two resonance peaks shown in (a) (PCM covering length = 12 μm), demonstrating the difference in the extinction ratio 

between Sn-doped GST225 (0.5 at.% Sn) and undoped GST225 films. P max and P min are maximum and minimum powers, respectively. 

Fig. 6. (a) Dependence of the ER on the amorphous PCM covering length. The dots are the experimental data, and the lines correspond to the results of fitting using Eq. (2) . 

(b) Dependence of the attenuation on the amorphous PCM covering length. The symbols are the experimental data, the lines correspond to the results of fitting using Eq. (3) . 

(c) The dependence of the absorption coefficient for the amorphous and crystalline samples on the Sn concentration (bottom). The dependence of absorption coefficients for 

the reference structures of GST 225 (up). The undoped devices were made in the same cycle as the Sn-dopes ones, but they were covered with a metal mask during tin ions 

implantation. The graph shows that the metal mask protects the films well, and there is no change in the absorption coefficient. 
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hould be noted, that amorphous and crystalline fractions coex- 

st with each other after the optical switching of waveguide de- 

ices and the ratio between fractions depends on the pulse energy, 

eometric parameters of the PCM cell, the amorphous/crystalline 

istribution before an incoming pulse and the optical constants of 

CMs [74] . So, we investigated the absorption coefficient of the 

evices with fully amorphous and crystalline PCM thin films, as 

wo limiting cases. The study of such cases allows determining the 

aximum available difference between levels of logical 1 and 0 

nd carrying out their correct comparison. The samples were crys- 

allized by annealing at 200 °C for 15 min in argon. The choice 

f the annealing temperature was based on the results of X-ray 

iffraction [ 61 , 68 ], according to which this temperature should al- 

ow crystallization of Sn-doped thin films into the same NaCl-type 

tructure as GST225. 

All amorphous undoped GST225, covered with a metal 

ask to protect doping during implantation (reference devices), 

how approximately the same effective absorption coefficient 

0.48 ± 0.02 dB/μm). The crystallization of the reference un- 

oped GST225 leads to an increase in the absorption coefficient 

o 1.12 ± 0.06 dB/μm. At the same time, Sn-doped samples show 

 steady tendency of the effective absorption coefficient increas- 

ng with the Sn concentration growing up for both phase states 
8 
see Fig. 6 (c)). Since the values of this coefficient for the Sn-doped 

ST225 are obtained for the first time, it is possible to compare 

ata only for the waveguides combined with the GST225 thin film. 

he extracted effective absorption coefficient for the amorphous 

nd crystalline GST225 thin films is in agreement with the values 

btained in [ 75 , 77 ]. 

The difference between amorphous and crystalline states of 

CM thin films is a critically important parameter for the opera- 

ion of optical devices, and, ideally, it determines the number of 

evels that can be reliably recorded and read. The results show that 

in introduction leads to absorption changes not only in the amor- 

hous, but also in the crystalline state. The optical difference be- 

ween the two phase states, before and after doping the GST225 

hin films, hardly changes. This difference in the effective absorp- 

ion coefficient ranges from 0.61 to 0.64 dB/μm for the most inves- 

igated samples. An exception is the sample with 0.1 at.% Sn which 

emonstrated 0.55 dB/μm (its error bar in Fig. 6 (c) is 0.06 dB/μm). 

his allows to conclude that the logical levels in the doped GST225 

lms can be recorded with a difference in absorption no worse 

han in the devices based on pure GST225. 

The increase in effective absorption coefficient for the amor- 

hous and crystalline states is definitely a good result from the 

oint of view of lowering the switching energy since it will al- 
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Fig. 7. (a, b) The magnified images of the laser crystallized and the amorphized marks formed on the GST225 with 2 at.% thin films after the irradiation with 500 number 

of pulses at F max of 5.1 and 12.8 mJ/cm 

2 , respectively. (c) The profiles of �R / R A along the profile line (PL). (d) The schematic diagram of the femtosecond laser energy 

distribution and the estimation of the crystallization and amorphization threshold fluences. (e) The effect of Sn ion implantation in GST225 thin films on the threshold 

fluences of the laser crystallization and amorphization. 
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ow to improve the efficiency of conversion of the light pulse en- 

rgy into heat. On the other hand, it should be noted that an in-

rease in the absorption could also lead to negative consequences, 

n particular, to an increase in optical losses. This factor is an in- 

vitable compromise for lowering power consumption with such 

n approach. 

.4. Investigation of the switching process 

The undoped and implanted thin film samples were irradiated 

y the normally incident fs-laser beam with Gaussian profile for 

stimation of the influence of Sn doping on the laser energies nec- 

ssary for switching the GST225 thin films between amorphous 

nd crystalline states. The scheme of experimental setup is shown 

n Supplementary information, Fig. S3. The laser fluence ranged 

rom 0.7 to 10.0 mJ/cm 

2 . It was estimated by averaging the total 

nergy of the incident beam over the irradiated area using borders 

etermined by a 1/e 2 intensity drop from the peak value. 

Two types of spots after the laser irradiation were obtained for 

ll the investigated thin films: solid marks, and marks having a 

hape of a toroidal shell (“ring-shaped roll”). Fig. 7 (a), (b) shows 

he reflection optical micrographs of the solid and toroidal marks 

ormed on the amorphous GST225 thin films with 2 at.% Sn upon 

he irradiation of pulses with the peak fluences ( F max ) of 5.1 and

2.8 mJ/cm 

2 , respectively. 

The profiles of �R/R A along the spot diameters ( Fig. 7 c) were 

xtracted from the presented optical micrographs. The values of 

R were defined as R - R A , where R is the reflectivity of inves-

igated area, and R A is the reflectivity of the as-deposited amor- 

hous thin film. The solid marks and the annular region of the 

oroidal marks have similar reflectivity, higher than as-deposited 

morphous thin films. The increase of the reflectivity is associ- 

ted with the crystallization of the irradiated region, which is ac- 

ompanied by a rise in the refractive index in the visible wave- 

ength range compared with the amorphous thin film [91] . At the 

ame time, the central region of the toroidal marks and the as- 

eposited amorphous thin films have close reflectivities. This can 

e explained by laser amorphization in the central region of the 

oroidal marks, where the intensity of the Gaussian laser beam 

s higher. The results of the Raman measurements confirm these 

hase transitions (Supplementary information, Fig. S5). Namely, the 

atio of relative intensities for the two main peaks A and B on the 
9 
aman spectra has changed due to the crystallization, while the 

hapes of the Raman spectra for the laser-amorphized region and 

he initial amorphous one are close. 

Since the pulse energy of our laser obeys the Gauss distri- 

ution and crystallized/amorphized regions have sufficiently clear 

orders, the threshold laser fluences of these phase transforma- 

ions can be estimated ( Fig. 7 d). To extract these values from the 

wo-dimensional local laser fluence distribution obtained by means 

f a CCD beam profiler, the following procedure was applied. First, 

he crystalline or amorphous areas ( S th ) were determined from the 

ptical images. Second, the value of the local laser fluence was 

ound in such way that the values higher than the threshold flu- 

nce cover the same determined area S th on the laser beam energy 

istribution image. The values of the threshold fluences, therefore, 

orrespond to the edges of the crystalline/amorphous areas and 

ould be considered as the threshold for these processes. 

The effect of Sn ion implantation on the threshold fluences of 

he GST225 laser crystallization ( F CR ) and amorphization ( F A ) is 

resented in Fig. 7 (e). 

The values of F CR and F A are decreasing as the amount of 

n–Te bonds with lower binding energy than Ge–Te bonds in- 

reases. The increase in Sn-concentration up to 2 at.% leads to a 

ecrease in F CR from 4.2 to 3.8 mJ/cm 

2 (9%) and in F A from 11.4 to

.2 mJ/cm 

2 (19%) compared with the undoped GST225. Moreover, 

he results show that crystallization and amorphization processes 

n doped films can also be initiated by fs-laser irradiation, as in 

ure GST225. 

As mentioned above, the reason for these phenomena can be 

oth a decrease in the binding energy simplifying the structural 

earrangement of the material and an increase of the absorption 

eading to the more efficient conversion of optical energy into ther- 

al one. So, summarizing it can be noted, that incorporation of Sn- 

opant into GST225 accompanied by the decrease of laser switch- 

ng energy is clearly a positive effect, which can reduce the energy 

onsumption of the reconfigurable nanophotonic circuits. 

.5. Multilevel reversible recording 

The final stage of this work was demonstration of the possi- 

ility of using Sn-doped GST225 to provide reversible multilevel 

witching in the integrated nanophotonic devices. Such demon- 

tration is very important since it proves the possibility of us- 
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Fig. 8. Distribution of the electric field (quasi-TE mode) in a cross section of the silicon nitride waveguide coated (along and across the waveguide) with amorphous (a,b) 

and crystalline (c,d) PCM thin films with a covering layer of silicon dioxide. (e) Time dependence of a probe signal during 50 ns of the pump pulses absorption for the 

balance splitter on the basis of GST225 with 2 at.% Sn thin film. 
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ng Sn-doped GST225 layers to create the reconfigurable multilevel 

anophotonic circuits. 

As noted earlier, the operating principle of the fabricated de- 

ices is based on the significant changes in the optical proper- 

ies of PCMs during phase transitions, accompanied by changes in 

aveguide’s losses. Amorphous and crystalline states correspond to 

ow and high optical losses, respectively. Fig. 8 (a)–(d) shows the 

istribution of the electric field (quasi-TE mode) in cross sections 

f a silicon nitride waveguide coated with the amorphous and fully 

rystallized PCM thin films and a silicon dioxide cap, numerically 

alculated by COMSOL Multiphysics. The PCM covering length and 

aveguide width are 4 μm and 1 μm, respectively, which corre- 

ponds to one of the types of the fabricated samples. In the case 

f an amorphous PCM thin film, the waveguide mode remains in 

he center of the waveguide and attenuates slightly, whereas, for 

 fully crystallized film, the TE-mode is strongly rising to the top 

nd is absorbed by PCM thin film. Thus, by controlling the ratio of 

rystalline and amorphous fractions, we can change the level of a 

ight signal passing through a waveguide structure. 

To confirm the possibility of using the Sn-doped GST225 thin 

lms to implemented a reversible multilevel phase switching in in- 

egrated devices, we investigated switching in a fabricated balance 

plitter on a chip. The pump-probe experimental setup [see Exper- 

mental section and Supplementary Fig. S3] was used to form a 

ingle optical pump pulses for switching the Sn-doped GST225 cell 

f a nanophotonic device. The width of a single optical pump pulse 

as 50 ns and was limited by the speed of the optical amplifier. 

By varying the pump pulse power, we were able to reversibly 

witch the devices based on all investigated Sn-doped GST225 

hin films. The time dependence of the probe signal transmission 

emonstrating the multilevel switching between the logical states 

or a sample with 2 at.% Sn is shown in Fig. 8 (e). The 9 nonvolatile

ifferent levels (3 bits) for the nanophotonic samples based on the 

n-doped GST225 thin films were demonstrated. The demonstrated 

umber of logical levels is not a limit for the Sn-doped GST225 

lms and can be improved if the operational process strategy is 

ptimized. Also, the optimized strategy will allow to set up the 

ifference between states which greatly influences the reliability 

f the reversible multilevel phase switching in integrated devices. 

It should be noted that switching between levels can be car- 

ied out both sequentially and through several levels (See Fig. 8 e). 

he first option is suitable for creating a traditional memory cell. 

nlike with flash memory, in such a cell the obligatory operation 

f erasing-before-recording-information will be eliminated. As for 

he second option, sequential recording is implemented without 

n abrupt change in properties, i.e. continuum of parameters. This 

ption is required to create neuromorphic computations. The ob- 
10 
ained results show that, with a switching strategy chosen wisely, 

ur cells can operate in both modes. 

. Conclusion 

The effect of tin ion implantation on the properties of amor- 

hous GST225 thin films and influence of using such films on the 

arameters of silicon nitride nanophotonic circuits have been in- 

estigated. In the process of tin ion implantation Ge atoms were 

fficiently replaced by Sn due to the formation of low-energy Sn-Te 

onds, which was accompanied by a change in the optical proper- 

ies of the amorphous GST225 thin films. As a result, implantation 

ed to the following results having positive complex effect on the 

nergy consumption of laser switching processes. 

First, it was shown that, the crystallization and amorphization 

rocesses in doped films can also be initiated by fs-laser irradi- 

tion, as in pure GST225 . Wherein, as a result of the increase 

n weaker bond concentration and the extinction coefficient, the 

hreshold laser energy of crystallization and amorphization pro- 

esses, due to the pulse laser influence, noticeably decreased from 

.2 to 3.8 mJ/cm 

2 (9%) and from 11.4 to 9.2 mJ/cm 

2 (19%), respec- 

ively. 

Secondly, for the first time, we have determined the effect of 

he tin dopant on the absorption coefficient of the crystalline and 

morphous GST225 covers using the results of a direct study of 

aveguide structures. The results of the investigation of Mach- 

ehnder interferometers showed that an increase in the concen- 

ration of Sn in GST225 leads to an increase in the effective ab- 

orption coefficient for the amorphous and crystalline GST225 cov- 

rs in the on-chip devices. The optical difference between the 

wo phase states, before and after doping the GST225 thin films, 

ardly changes. This difference in the effective absorption coeffi- 

ient ranges from 0.61 to 0.64 dB/μm for the most investigated 

amples. This allows to conclude that the logical levels in the 

oped GST225 films can be recorded with a difference in absorp- 

ion no worse than in the devices based on pure GST. On the 

ne hand, this is definitely a positive result for lowering the laser 

witching energy, since it will improve the efficiency of converting 

he light pulse energy into heat. On the other hand, an increase in 

he effective absorption coefficient can also have negative effects. 

n particular, it can lead to bigger optical losses. 

The possibility to use the Sn-doped GST225 thin films for fully 

ptical multilevel reversible recording has been demonstrated by 

xperimental measurements of fabricated on-chip balanced beam 

plitters. The reversible switching between 9 different levels (3 

its) both sequentially and through several levels without com- 

letely erasing the cell was performed. It should be noted that the 
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umber of levels demonstrated is not a limit for Sn-doped GST225 

lms and can be improved if the operating process strategy is op- 

imized. 

Thus, the results of this work show that Sn-doping of the 

ST225 layer can be used to optimize the properties of the GST225 

hin films, in particular to reduce the switching energy. So, it has 

he potential to improve the characteristics of reconfigurable mul- 

ilevel nanophotonic devices using the GST225 thin films, includ- 

ng fully optical non-volatile memory and developed on-chip low 

ower all-photonic circuits for post-von Neumann arithmetic pro- 

essing. However, to estimate the future prospects of this approach, 

t is necessary to improve the device operation strategy, to deter- 

ine the limiting number of switching cycles, and also to compare 

ur approach with the other ones applied to improve the charac- 

eristics of electrical phase change memory devices, for example, 

e-rich GST225 and the heterostructures of alternating GeTe and 

b 2 Te 3 monolayers. 
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