Journal of Materials Chemistry C

&
4

Journal of

Materials Chemistry C

Atypical phase-change alloy Ga2Te3: atomic structure,
incipient nanotectonic nuclei, multilevel writing

Journal: | Journal of Materials Chemistry C

Manuscript ID | TC-ART-08-2021-003850.R2

Article Type: | Paper

Date Submitted by the

Author: 04-Nov-2021
Complete List of Authors: | Tverjanovich, Andrey; St. Petersburg State University, Department of
Chemistry
Khomenko, Maxim; ILIT RAS - Branch of the FSRC ‘Crystallography and
Photonics

Benmore, Chris; Argonne National Laboratory,

Bereznev, Sergei; Tallinn University of Technology

Sokolov, Anton; Univ. Littoral Céte d’Opale, LPCA, EA CNRS 4493
Fontanari, Daniele; Universite du Littoral Cote D'Opale

Kiselev, Aleksei; ILIT RAS - Branch of the FSRC ‘Crystallography and
Photonics’” RAS

Lotin, Andrey; ILIT RAS - Branch of the FSRC ‘Crystallography and
Photonics’” RAS

Bychkov, Eugene; University of Littoral, LPCA

-

SCHOLARONE™
Manuscripts




Page 1 of 25

Journal of Materials Chemistry C

Atypical phase-change alloy Ga,Tes: atomic structure, incipient
nanotectonic nuclei, multilevel writingt

Andrey Tverjanovich,® Maxim Khomenko, Chris ]. Benmore,° Sergei Bereznev,? Anton Sokolov,’®
Daniele Fontanari,® Aleksei Kiselev,” Andrey Lotin® and Eugene Bychkove*

Emerging brain-inspired computing, including artificial optical synapses, photonic tensor cores,
neuromorphic networks, etc., needs phase-change materials (PCMs) of the next generation with
lower energy consumption and wider temperature range for reliable long-term operation.
Gallium tellurides with higher melting and crystallization temperatures appear to be promising
candidates enable to achieve the necessary requirements. Using high energy X-ray diffraction
and Raman spectroscopy supported by first-principles simulations, we show that vitreous g-
Ga,Te; films essentially have a tetrahedral local structure and the sp® hybridization, similar to
those in the stable fcc Ga,Te; polymorph and in opposite to a vast majority of typical PCMs.
Nevertheless, optical pump-probe laser experiments revealed high-contrast, fast and reversible
multilevel SET-RESET transitions raising a question of the phase change mechanism. A recently
observed nanotectonic compression in bulk glassy Ga-Te alloys seems to be responsible for the
PCM performance. Incipient nanotectonic nuclei, reminiscent of monoclinic high-pressure HP-
Te Il and rhombohedral HP-Ga,Tes, are present as minorities (2-4%) in g-Ga,Tez but suggested
to grow dramatically with increasing temperature while interacting with appropriate laser
pulses. This leads to a co-crystallization of HP-polymorphs amplified by high internal local
pressure reaching 4-8 GPa. The metallic HP-forms provide an increasing optical and electrical
contrast, favorable for reliable PCM operations, and higher energy efficiency.
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1 Introduction

Neuromorphic computing using phase change materials (PCMs)!* appears to be a promising
alternative to the classical von Neumann computer architecture.>” Further development of
neuromorphic systems will need improvements in energy efficiency and a wider temperature
range for reliable operations. PCMs based on gallium tellurides appear to be promising
candidates enable to achieve the necessary requirements. Gallium sesquitelluride Ga,Te; has
higher melting and crystallization temperatures compared to flagship PCMs (GeTe, Ge,Sb,Tes,
doped Sb;Te, etc.) and simultaneously a low switching power and fast switching rate.81° At the
same time, Ga,Te; appears to be a very unusual phase-change alloy, combining a regular
tetrahedral structure in the face-centered cubic polymorph,'! the absence of Peierls distortion
and resonant!? or metavalent!31* bonding, typical for PCMs. The sp® gallium hybridization in fcc
Ga,Tes is also different from usual p-bonding in GeTe or Ge,Sb,Tes. These features are raising a
question related to the phase-change mechanism in gallium tellurides.

The reported atomic structure of liquid or amorphous gallium sesquitelluride is controversial.
The early X-ray diffraction studies of liquid Ga,Te;_, alloys, 0 < x < 1, have suggested a
chemically ordered network but with a strong dissociation of Ga-Te units.'> Consequently, the
gallium local environment in stoichiometric #-Ga,Te; was reported to be mixed, Ngy_x = 3.5,
where X = Te or Ga, with comparable fractions of Ga-Te and Ga-Ga bonds. On the contrary, the
results of neutron diffraction with isotopic substitution and anomalous X-ray scattering at the Te
K edge have shown similar gallium local coordination, Ngy—1e = 3.5 * 0.5, however, without a
substantial number of Ga-Ga and Te-Te homopolar bonds.'® Recently reported EXAFS results
for amorphous Ga,Te; thin films, measured at the Ga and Te K edges, have revealed the
tetrahedral gallium environment with a small fraction of Ga-Ga nearest neighbors, also
confirmed by first-principles modeling.!” Finally, our high-energy X-ray diffraction and Raman
spectroscopy results of Te-rich bulk Ga,Te;_, glasses, 0.17 < x < 0.25, supported by first-
principles simulations of vibrational, structural and electronic properties, have validated the
tetrahedral Ga coordination.’® In addition, a very unusual phenomenon has been observed, the
nanotectonic compression, consisting of co-crystallization of the stable ambient and metastable
high-pressure (HP) polymorphic forms on usual heating of glassy GaTe; (x = 0.25) above the
glass transition. The co-crystallization of metallic HP-polymorphs seems to be beneficial for the
PCM performance, increasing the optical and electrical contrast between the SET (crystalline)
and RESET (amorphous) logic states, thus decreasing the power consumption and enabling the
multilevel writing.

The main objectives of the present report are (i) unraveling the atomic structure of vitreous
Ga,Tes;, obtained by pulsed laser deposition, using high-energy X-ray diffraction and Raman
spectroscopy, supported by first-principles simulations; (ii) verifying the PCM performance of
Ga,Tes using optical pump-probe laser technique; and (iii) elucidating a possible phase-change
mechanism.
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2 Experimental and methods

2.1 Target synthesis and pulsed laser deposition

Gallium sesquitelluride target for pulsed laser deposition (PLD) was synthesized from high-
purity elements: Ga (99.999%, Neyco) and Te (99.999%, Cerac). Flat bottom silica tubes (25 mm
ID) with stoichiometric mixtures were sealed under vacuum (10 mbar) and placed into a
rocking furnace. Maximum synthesis temperature was 1250 K. Homogenized and synthesized
samples were slowly cooled in a furnace in horizontal position. Further target preparation was
done in a vertical furnace with the same maximum temperature. The sample was held at 1250 K
for 4 h and then very slowly cooled down to room temperature. The silica tube with
polycrystalline Ga,Tes; was cut using a circular diamond saw blades. The final monolithic target
had diameter 25 mm and thickness 7 mm. The X-ray diffraction pattern were found to be
identical to face-centered cubic Ga,Te;.!!

Ga,Tez thin films were deposited at room temperature by PLD onto LCD grade float glass
substrates (Kintec Company) with the substrate diameter of 2" and thickness of 1.1 mm. Prior
to deposition, the substrates were cleaned ultrasonically in reagent grade methanol and in de-
ionized water (Millipore) for 10 min. After cleaning, the substrates were dried under nitrogen
flow and then subjected to NovaScan Digital UV-Ozone cleaning system for 15 min before
loading in the deposition chamber of a Neocera PLD system equipped with a 248 nm KrF
excimer laser (Coherent Compex 102 F). The laser beam was focused on a 5 mm? spot on the
surface of the rotating target. The target to substrate distance was 9 cm while the pressure in
vacuum chamber was around 4-10-® mbar without any specific background gas pressure. For
preparation of the “thick” layers with the thickness above 1 um we used 75000 laser pulses of
200 m] pulse energy and 10 Hz repetition rate. The “thin” layers with the thickness around 100
nm were prepared at the following deposition parameters: 7300 laser pulses of 200 m] pulse
energy and 10 Hz repetition rate. The chemical composition of the PLD films was verified by
energy dispersive X-ray spectroscopy and was found to be consistent with expectations: 40.7 +
0.7 at.% Ga (K-series) and 59.3 £ 1.9 at.% Te (L-series).

2.2 Optical absorption and Raman spectroscopy measurements

Optical absorption spectra have been measured over a wide spectral region from the
fundamental absorption edge of gallium sesquitelluride at 1 » 700 nm to a long-wave limit of
5200 nm related to the phonon absorption of the glass substrate. A Shimadzu UV-3600
spectrophotometer was used for optical absorption measurements in the wavelength range of
500-3200 nm. A far-IR region was covered by a Bruker Tensor FTIR spectrometer, allowing the
extended IR range up to 25 pum but limited by 6000 nm because of phonon absorption. The two
instruments have overlapping spectral domains between 2500 and 3200 nm. After optical
measurements of the Ga,Te; PLD film on glass substrate, the thin film was removed from the
substrate in alkaline solution. The optical absorption of the substrate was measured and
subtracted from the Ga,Te;/glass total absorption.
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Raman spectra were measured at room temperature in backscattering geometry using a
Senterra Raman spectrometer (Bruker) equipped with a microscope. The spectra were excited
by a 785 nm solid-state laser with a power of 1 mW using a low magnification objective (10x, NA
0.25) to avoid laser-induced crystallization or damage of the glass samples. The absence of
possible deterioration effects was checked directly after measurements by optical microscopy.

2.3 Pump-probe phase-change experiments

An optical pump-probe experimental setup consisting of a nanosecond solid-state YAG:Nd3*
laser (Apump = 532 nm) and a low-power cw probing laser (A,robe = 980 nm) was used for time-
resolved phase-change experiments using 100 nm Ga,Te; PLD films (Fig. S1, Electronic
Supplementary Information). The samples were exposed to nanosecond laser pulses of variable
energy density in either a single-pulse mode or using a multi-pulse train with the repetition rate
of 10 Hz. Laser-induced phase-change transitions were studied using the reflectivity AR/R
and/or transmission changes AT /T. Further details of the pump-probe setup and time-resolved
measurements were published previously.'>?! A limited number of experiments were
conducted using a femtosecond laser Astrella Coherent (Apymp = 800 nm, the energy density 20
mJ cm?) and a 15 mW probing laser (A,rope = 1550 nm).

2.4  High-energy X-ray diffraction measurements

Tiny pieces of gallium sesquitelluride thin film material were placed into a thin-walled silica
capillary for high-energy X-ray diffraction measurements. The 6-ID-D beamline at the Advanced
Photon Source (Argonne National Laboratory, Chicago) was used for these experiments with the
photon energy of 99.9758 keV, and the wavelength of 0.124014 A. A two-dimensional (2D)
setup was used for data collection with a Varex area detector. The exposure time was 0.1 s x
3000 frames, using one dark-field image file followed by five light files. The 2D diffraction
patterns were reduced using the Fit2D software.?? The measured background intensity of the
empty silica capillary was subtracted, and corrections were made for the different detector
geometries and efficiencies, sample self-attenuation, and Compton scattering using standard
procedures,?? providing the X-ray structure factor Sx(Q) for vitreous Ga,Tes.

2.5 Computational details

Modeling of the high-energy X-ray diffraction data was carried out using Born-Oppenheimer
molecular dynamics implemented within the CP2K package.?* The generalized gradient
approximation (GGA) and the PBEO hybrid?>?¢ exchange-correlation functional combining the
exact Hartree-Fock and density functional theory (DFT) approaches were used, providing a
better agreement with experiment.'®27-22 The van der Waals dispersion corrections D3B]J3° were
also applied, improving first-principles molecular dynamics (FPMD) results for telluride
systems.31:32

The used FPMD technique was similar to that reported previously.3®3* The initial atomic
configurations for vitreous Ga,Te; were created and optimized using the RMC_POT++ code3®

4
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against the experimental X-ray structure factor Sx(Q). The size of the cubic simulation box at
room temperature, containing 500 atoms (200 Ga and 300 Te), was chosen to match the
experimental number density. Further optimization was carried out using DFT at 0 K, applying
the molecularly optimized correlation consistent polarized triple-zeta valence basis set along
with the norm-conserving relativistic Goedecker-Teter-Hutter-type pseudopotentials.?¢ FPMD
simulations were performed using a canonical NVT ensemble with a Nosé-Hoover3”38 chain of
length 3 as a thermostat. The simulation boxes were heated from 300 K to 1300 K using 200 K
steps for 10-15 ps each. At 1300K, the systems were equilibrated for 53 ps and cooled down to
300 K using the same temperature steps but with a longer simulation time (30 ps). Final
equilibration and data collection at 300 K were performed for 52 ps. The connectivity and ring
statistics were analyzed using the R.L.N.G.S. package?’ and a modified connectivity program.*°
The pyMolDyn code*! applying the Dirichlet-Voronoi tessellation was used for the calculation of
microscopic voids and cavities.

3 Results and discussion

31 Optical properties

The uniformity of the Ga,Te; PLD film was confirmed by optical absorption measurements with
distinct interference fringes, Fig. 1(a). Using the Swanepoel method,*? the layer thickness d and
the refractive index ng over the 1.1 < 4 < 2.3 um spectral range were calculated from the
transmission spectrum derived from the absorption. The calculated thickness d = 1.10 + 0.06
um was consistent with the PLD regime. The refractive index ng = 3.13 + 0.08, derived using the
substrate refractive index ng = 1.58, was similar to those reported previously.*3-4>
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Fig. 1 Optical properties of vitreous Ga,Te3 PLD film: (a) optical absorbance with interference fringes, (b)

the Tauc plot: A/@hV vs photon energy hv, where « is the absorption coefficient, used to determine the
optical band gap E. The inset shows a typical appearance of the Ga,Tes; PLD film.

The fundamental absorption range of vitreous gallium sesquitelluride starts below 900 nm. The
calculated absorption coefficient o is shown in Fig. 1(b) plotted as a function of the photon
energy hv. The fundamental absorption range of chalcogenide glasses is usually described by
the Tauc relation:*¢

A(hv — E)?

where Ej is the optical band gap, and A = 10° cm? eV! is a constant. The experimental
absorption data for g-Ga,Te; above 1.5 eV are well described by eqn (1). The derived optical
band gap E; = 1.20 £ 0.02 eV is slightly higher than that for fcc Ga,Tes, 1.08 eV,*”8 and similar to
E, for various amorphous counterparts, 1.09-1.20 eV.*34>

3.2 Raman spectra

Typical Raman spectrum of vitreous Ga,Te; PLD film is shown in Fig. 2 together with those of
face-centered cubic Ga,Tes;, bulk glassy GaTe; and amorphous Te.!’®* The spectrum is
reminiscent of both Te-rich glassy binaries and the cubic polymorph. The most intense spectral
feature at 126 + 1 cm! corresponds to the A; in-phase Ga-Te breathing in GaTe, tetrahedra, as it
is shown by DFT modeling.!® The two weak features at 185 and 230 cm! are similar to those in
fcc Ga,Te; and seem to be related to asymmetric Ga-Te stretching in GaTe, tetrahedra.'’® The
second intense feature at 156 cm™ is related to Te-Te stretching observed in amorphous
tellurium and Te-rich glassy binaries.'®4°->1 The 156 cm'! peak intensity is substantially reduced
in the Ga,Te3 PLD layer compared to bulk Ga,Te; _ glasses, 0.17 <x < 0.25. As expected, the Te-
Te stretching is missing in cubic Ga,Te;. The Raman results imply a chemical disorder in the
vitreous PLD film, that is, the presence of both Te-Te and Ga-Ga homopolar bonds in addition to
the expected Ga-Te heteropolar counterparts.
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(a) a-Te

/Ga-T Te-Te \-\~ (b) g—GaTeB

(c) PLD Ga,Te,

Ga-Te / Te-Te

Raman Intensity (a.u.)
N
[

(d) cubic Ga,Te,

I ! | 1 I
100 200 300

Raman Shift (cm™)

Fig. 2 Raman spectra in the Ga-Te system: (a) amorphous Te,*® (b) bulk glassy GaTe; (x = 0.25),!8 (c)
vitreous Ga,Te; PLD film (this work), and (d) cubic Ga,Tes,'8 space group F43m.11 The A; in-phase Ga-Te
breathing and Te-Te stretching are highlighted in light green and light gray, respectively. See text for
further details.

3.3 High-energy X-ray diffraction

The Faber-Ziman X-ray structure factor Sx(Q) of Ga,Tez PLD thin film is shown in Fig. 3(a,b) in
comparison with bulk glassy GaTes (x = 25 at.% Ga):'®

SX(Q) = WGaGa(Q)SGaGa(Q) + WGaTe(Q)SGaTe(Q) + WTeTe(Q)STeTe(Q)v (2)

where w;(Q) are Q-dependent X-ray weighting coefficients and S;(Q) the Faber-Ziman partial
structure factors. In contrast to the last vitreous alloy revealing some weak Bragg peaks'® of
cubic Ga,Tes, space group F43m,!! the PLD film is completely amorphous. The Sx(Q) shows
rather intense first sharp diffraction peak (FSDP) at Qg = 0.86 + 0.01 A-1, similar to those in bulk
Ga,Te; _, glasses, 0.17 < x < 0.25.'® The FSDP amplitude 4,(Q) increases with x and shifts to
lower Q, the inset in Fig. 3(a). The first and second principle peaks (PP1, PP2) at Q; = 1.89 A
and Q, = 3.20 A1 are also slightly shifted to lower scattering vectors, simultaneously increasing
in intensity, compared to bulk glassy GaTes.



Journal of Materials Chemistry C

T ] T I T I T
4| (c) -
- L,
=
— = 2+
<) s |
7} i3]
— c
=) = 0 I
3] L PLD Film
© c
L 9 1 | L | 1 | 1
o T 1 2 3 4 5
= o T T
g 5 o
5 3o @
> L {4 8
0? '9 4 — r;;;e |
X 0} > I ol
_ | % 2r
-1 J\J Ga Te,  Glasses | 0 :
1 l 1 l 1 l L l 1 1 I 1 ! 1 l 1 I 1
0 5 10 15 20 25 0 2 4 6 8 10
K
QA" r(A)

Fig. 3 High-energy X-ray diffraction data for glassy Ga,Tes; PLD film: X-ray structure factor Sx(Q) over (a)
limited and (b) extended Q-range plotted together with Sx(Q) for bulk glassy GaTe; (x = 0.25);'8 (c) a
constrained three-peak Gaussian fitting of the nearest neighbor (NN) feature in the total correlation
function Tx(r) for vitreous Ga,Te; film; the Ga-Ga, Ga-Te and Te-Te NN correlations are highlighted in
bright green, light green and light grey, respectively; and (d) Tx(r) functions for the Ga,Tez PLD film, cubic
(F43m)!! and rhombohedral (R3m)52 Ga,Te; polymorphs. The inset shows the compositional evolution of
the first sharp diffraction peak (FSDP) for bulk Ga,Te; _ , glasses and Ga,Te; PLD film (x = 0.40).

The X-ray total correlation function Tx(r), obtained through the usual Fourier transform, is
shown in Fig. 3(c,d)

Tx(r) = 4mpor + = S Q[Sx(Q) — 1]sin QrM(Q)dQ, 3)

where py is the experimental number density, M(Q) the Lorch window function, and Qpmax = 25 A-
1. The Tx(r) exhibits an asymmetric peak at 2.65 A, mostly related to the Ga-Te nearest
neighbors (NN), a broad poorly resolved second neighbor peak at 4.3 A, and more distant
unresolved correlations between 6.4 and 8.3 A. The Tx(r) shape is reminiscent of the ambient
cubic (F43m)!! and the high-pressure rhombohedral (R3m)52 Ga,Te; polymorphs taking into
account a significant broadening of the real-space functions for the amorphous PLD film.

A two-peak Gaussian fitting of the asymmetric NN feature, suggesting only Ga-Te contributions,
yields the gallium coordination number Ng,re > 4. Taking into account the Raman results, Fig. 2,
the presence of Te-Te atomic pairs implies the appearance of Ga-Ga NN counterparts. A
constrained three-peak fitting, imposing the mixed tetrahedral Ga environment, Ngax = Ngaga +
Ngate = 4, and mixed tellurium coordination, Ntex = Nrere + NTega gives reasonable local
coordination numbers: 0.30 (Ga-Ga), 3.70 (Ga-Te), 0.28 (Te-Te), Table 1, with a rather small
chemical disorder y = Ngaga/Ngax ® Ntere/N1ex = 8.8 + 1.3%. The derived y value is significantly
lower than that in vitreous As;Tes, y = 30-35%,53%7 in accordance with hetero- and homopolar
bond energy differences: Eg, _1e = 147 K] mol?! > Y% (Ega_ga+ ETe —Te) = 120 K] mol, while

8
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Eps _Te = Y2(Eps — as + E1e — Te) = 136 K] mol1,>® see Electronic Supplementary Information (ESI)
for further details. The obtained partial Ng,ga and Ngare coordination, as well as the Ga-Ga and

Ga-Te NN separations are consistent with the EXAFS results.’” The derived interatomic
distances: 2.47 A (Ga-Ga), 2.66 A (Ga-Te), and 2.83 A (Te-Te) are also in accordance with
crystalline references':525%60 and Te-rich binary and ternary vitreous alloys.861.62

Table 1 Nearest-neighbor interatomic distances rj and partial coordination numbers Nj in
experimental and FPMD data for glassy Ga,Tes PLD film

Ga-Ga Ga-Te Te-Te

- - - Nga—x Nre —x
TGa—Ga (A) NGa—Ga TGa—Te (A) NGa—Te TTe —Te (A) NTe—Te

Experimental X-ray data
2.47(1) 0.30(3) 2.66(1) 3.70(5) 2.83(2) 0.28(5) 4.00(6) 2.75(9)
FPMD data
2.45(1) 0.25(2) 2.63(1) 3.71(4) 2.82(2) 0.27(4) 3.96(5) 2.75(7)

34 First-principles simulations

The first-principles molecular dynamics (FPMD) using a GGA/PBEO hybrid functional enables a
good agreement with experimental diffraction data, Fig. 4(a,b), observed earlier for different
chalcogenide systems.!8272° The derived interference function Q[Sx(Q) — 1] reproduces well
both the Sx(Q) oscillations at high scattering vectors and the amplitude and peak positions at
lower Q. The PP1 height at Q; = 1.89 Al appears to be slightly underestimated, a typical
situation for relatively small FPMD simulation boxes.?”%® The simulated real-space correlation
functions are also mimic well the experimental results, Fig. 4(b), ensuring reliable description of
the short- and intermediate-range order. The partial structure factors S;(Q) are presented in
Fig. 4(c). We note an intense FSDP at 0.85 At for the Sgaca(Q) function, responsible for the
experimental low-Q feature in spite of the small X-ray weighting, (WGaGa(Q)> =0.0662 £ 0.0012,
where the angle brackets denote averaging over the applied @-range.
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Fig. 4 GGA/PBEO simulation results for vitreous Ga,Te; PLD film. Experimental and simulated (a) X-ray
interference function Q[Sx(Q) — 1] and (b) pair-distribution function gx(r); (c) partial Faber-Ziman
structure factors Sj(Q); and (d) partial pair-distribution functions g(r).

The simulated partial pair-distribution functions g;;(r) are given in Fig. 4(d). Both the Ga-Ga and
Te-Te NN features are clearly seen at 2.45 and 2.82 A, respectively, consistent with Raman, Fig.
2, and diffraction, Fig. 3(c), data. The derived interatomic distances and partial coordination
numbers are summarized in Table 1 and are in excellent agreement with high-energy X-ray
diffraction results. We should also note a low-r shoulder at 3.36 A for the Ga-Ga second
neighbor peak, corresponding to edge-sharing (ES) Ga-Te polyhedra. The fraction of the ES-
units appears to be fgs = 0.42 £ 0.03.

1.0

I I I

- (a)
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1 1 - i l 1 A N —
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Fig. 5 GGA/PBEO calculated (a) gallium and (b) tellurium local coordination numbers. Light green and
light gray colors highlight pure Ga-Te and Te-Ga fractions in Ga(Te, _ ,Gan,) or Te(Ga,, —,Te;,) polyhedra
(m = 0), respectively. Dark green and dark gray tones correspond to m = 1. Bright red and blue colors
denote populations of Te-rich homopolar Te(Ga, — nTe;;) units, m > 2.

The calculated distributions of Ga and Te local coordination numbers are shown in Fig. 5.
Gallium is essentially four-fold coordinated; the population of under- and over-coordinated
species is negligible, pga =4 =~ 0.04. The average tellurium coordination is Nt._x = 2.75, and
trigonal Te appears to be a clear majority, 69 = 2%. Chain-like tellurium sites have the second-
largest population, 27 + 2%, while the fraction of 4-fold coordinated tellurium, Teyy, is just 4 +
2%.

Pure heteropolar Ga(Te, — ,Ga,,) or Te(Ga,, —,Te;,) environment, m = 0, exhibits approximately
three-quarters of gallium and tellurium. Local configurations with one homopolar pair, m = 1,
reveal 23-26% of the both species. The Te-rich homopolar environments Te(Ga, — ,Tey,), m > 2,

arerare, 5 + 2%.
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Fig. 6 Orientational order parameter q and X-Ga-X bond angle distribution Bxgax(8), where X = Te or Ga
for (a,b) GaXs, (c,d) GaX,, and (e,f) GaXs polyhedra. The insets show typical shapes of Ga-Te entities. The
Bregate(8) distributions for cubic (yellow) and rhombohedral (magenta) Ga,Tes; are also shown. The
parameters of pure heteropolar units GaTes, GaTe, and GaTes are highlighted in dark colors; their mixed
counterparts are pale-colored.

The topology of Ga-centered polyhedra is given by the X-Ga-X bond angle distribution Bxgax(6),
where X = Te or Ga, and by the order parameter q,°#%> extended beyond the tetrahedral
geometry®®

3an—1 1)2
q= 1—§Z;l=12:=j+1(cos¢jk+§) , (4)
where 1 is the X-Ga-X angle of a given GaX,, unit. The average value of q changes between 0 for
an ideal gas and g = 1 for a regular tetrahedral network (n = 4).

The Bxgax(0) for 4-fold coordinated gallium is shown in Fig. 6(d). A nearly symmetric broad
distribution is centered at 8 = 109.9° + 0.5° and indicates a predominantly tetrahedral geometry
of GaX, units, similar to that in cubic Ga,Tes.!* In addition to the major Bxg.x(6) component, one
observes a hidden lower- 6 supplement at 99.5° £+ 0.4° suggesting either strongly distorted GaX,
tetrahedra or a non-tetrahedral topology. The orientational order parameter g confirms the
tetrahedral shape of GaX,, Fig. 6(c). The asymmetric P(q) probability distribution function is
peaked at g = 0.95 and exhibits a long tail toward lower g. Usually, the low-q tetrahedral limit is
estimated to be at g = 0.8, followed by a defect octahedral environment over the range 0.4 S ¢ <
0.8.2966 The regular defect octahedron GaX, with two missing X species and the bond angles 6,
(1) =m/2 and 6y,(2) = m is characterized by q = 5/8, located just in the middle of this g-range.
The P(q) integration using the above g-limit yields the tetrahedral fraction fr, = 0.97 £ 0.02.
There is no substantial change in geometry for pure GaTe, and mixed GaX, tetrahedra, whose
parameters are highlighted in Fig. 6(c,d) by dark and light green colors, respectively.

The geometry of under- GaX; and over-coordinated GaXs minorities is also analyzed in Fig. 6.
The trigonal GaX; entities usually have a pyramidal shape of the approximate €3, symmetry, the
inset in Fig. 6(a). The corresponding P(q) probability distribution is peaked at g = 0.95
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suggesting the average trigonal angle (053,]) = 97° or (963,;) "= 123°, since the P(q) function for
regular C3, pyramids has a quasi-symmetric shape peaked at the tetrahedral angle 67, = 109.47°
with a maximum of g = 1. The bond angle distribution Bxgax(6) is consistent with this
conclusion, Fig. 6(b). The defect octahedra GaX; have two possible configurations: (i) the C3,
shape with 8y,(1) =m/2, q = 7/8; and (ii) the planar T-shape of the C3, symmetry with 8,(1) =7
/2 and 6¢,(2) = m angles, q = 3/4. The both varieties exhibit non-monotonic “bumps” on a rather
smooth P(q).

The over-coordinated GaXs entities have two expected geometries related either to (1) a regular
square pyramid Cs,, q = 1/3, or to (2) a trigonal bipyramid D3, g = 0.55, see the insets in Fig.
6(e). The calculated P(q) distribution is located between these two limits assuming that the
glass structural motif is an intermediate case. Basically, both the C4, and D3} species represent a
defect and/or distorted octahedral environment. Consequently, it is not surprising that the bond
angle distribution for GaXs polyhedra appears to be reminiscent of Bregare(6) for high-pressure
rhombohedral Ga,Te; with octahedral gallium coordination,*? Fig. 6(f).
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Fig. 7 Gallium and tellurium oligomers in g-Ga,Tes: the size distribution of (a) Ga, and (b) Te, oligomers,
(c) structural motif of high-pressure monoclinic HP-Te II, space group P21,%’ (d) the bond angle
distribution Bretere(8) in Tes and higher Te, oligomers, n > 3, in comparison with that for HP-Te II. The
insets show typical shapes of Ga,, and Te, oligomers.

The observed and simulated chemical disorder raises a question of the structural arrangement
for the Ga-Ga and Te-Te atomic pairs. The connectivity analysis shows the Ga-Ga occurrence
mostly in the form of dimers, Fig. 7(a). The population of gallium trimers is lower by a factor of
~20. In contrast, the Te-Te contacts have a wider variability arising as Te, oligomers, where 2 <
n <6, Fig. 7(b). The tellurium trimers and higher oligomers, n > 3, reveal unexpected bond angle
distribution, similar to Brerere(8) in high-pressure monoclinic HP-Te 11, space group P24,%7 Fig.
7(d).
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Fig. 8 Rings and cavities in vitreous Ga,Tes. Ring statistics R:.(p+q)3° in (a) ambient pressure cubic,'* (b)
glassy (this work), and (c) high-pressure rhombohedral? Ga,Te; polymorphs. Cavities in (d) bulk glassy
As;Tes (preliminary results) and (e) vitreous Ga,Tez PLD thin film.

The intermediate-range order in vitreous Ga,Te; is given by Ga,Te, ring statistics. The ring
population R.(p+q)3®° is shown in Fig. 8 in comparison with those for the cubic and
rhombohedral Ga,Te; polymorphs. The R.(p+q) for glassy Ga,Te; is roughly bimodal. The
populated small rings, 4 < p+q < 6, coexist with a wide distribution of less frequent bigger Ga,
Te, units, 7 < p+q < 13, broadly centered at p+q = 9 = 1. Basically, the ring statistics in g-Ga,Tes
represents a disordered mixture of R.(p+q) for the ambient and high-pressure gallium
sesquitelluride polymorphs.

Microscopic cavities in vitreous Ga,Tes, calculated using the Dirichlet-Voronoi tessellation,*! are
shown in Fig. 8 together with those in bulk glassy As,Te; (preliminary results). The voids
fraction V, normalized to the volume of the FPMD simulation box, 28.2 £ 0.3%, is very similar to
that in glassy Gag,Tegg.'® In contrast, bulk vitreous As,Te; of the same stoichiometry and with
similar As atomic size has a much lower V. = 14.3 £ 0.2%, that is, by a factor of 2 smaller. The
origin of this difference is not completely clear since glassy gallium and arsenic sesquisulfides
reveal comparable cavity fractions, 38.4 vs. 44.1%, respectively.?>8 Chemically disordered
As,Te; may have a denser packing possibly related to lower bonding constraints while
homopolar %2 (As-As+Te-Te) and heteropolar As-Te bonding energies are nearly identical, see
section 3.3 and ESI. Another explanation may be related to a different bonding character in
respective crystalline sesquitellurides reflected in amorphous counterparts. Rhombohedral -
As,Te; shows typical characteristics of metavalent solids:®® large Born effective charge, high
optical dielectric constant, low Debye temperature, and a metal-like electrical conductivity, in
contrast to cubic Ga,Te;. The non-metavalent properties of the latter, however, can be
transformed under high pressure, as it is shown for monoclinic a-As;S3.%
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Fig. 9 Electronic properties of glassy Ga,Tes: (a) the electronic density of states (eDOS) and the inverse
participation ratio (IPR, red spikes); the projected eDOS on (b) Ga s and p, and (c) Te s, p and d atomic
pseudo-wave functions. See text for further details.

The total electronic density of states (eDOS) calculated from the Kohn-Sham eigenvalue spectra
is shown in Fig. 9. The derived valence band structure is typical for glassy and crystalline
chalcogenides®>7%72 and consists of three sub-bands between the Fermi energy Er and —15 eV.
The upper part, centered at —3 eV, is predominately populated by the Te 5p and Ga 4p states,
shown by the eDOS projections on Ga and Te atomic pseudo-wave functions. The sub-band
peaked at —7.5 eV mostly contains comparable contributions of the Te 5p and Ga 4s components.
Finally, the lower band at —13 eV essentially has an s-character related to the Te 5s elections
together with the Ga 4s and 4p states. As expected, the Ga species reveal hybrid s—p electron
states over the entire valence band energy range, presumably of the average sp> stoichiometry,
since the s— and p-related orbitals are appearing and changing simultaneously in all three sub-
bands. Surprisingly, the tellurium electron states are also hybridized revealing 5s, 5p and 5d
contributions. In addition, one observes some admixture of the Ga 4d and 4f states to the
hybrid sp® orbitals, not shown in Fig. 9 because of the weak gallium 4d and 4f orbital
population. Similar hybridization of the Ti 3d, 4s, and 4p states, and of the O 2s and 2p orbitals
on each site was already reported for rutile, TiO,, using site-specific XPS analysis and DFT
simulations,”® even if Ti** was expected to have empty valence band electron states. The Te 5p
nonbonding electron component, usually located at —2+1 eV in the top of the valence
band,>>727475 is hardly visible in Fig. 9, since the tellurium lone-pair electrons are substantially
transferred to the gallium sp3 hybrid orbitals because of insufficient number of the Ga valence
electrons: 4s%4p?. In case of Te-rich bulk glassy GaTe,,8 the Te 5p nonbonding states are clearly
distinguishable as a shoulder at —1.5 eV (Fig. S2 in ESI).
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The derived eDOS is consistent with experimental XPS data’® and similar to that for glassy
In,Tes.”? As expected, vitreous Ga,Te; appears to be semiconducting with the derived band gap
EgPBEO = 1.48 eV, slightly overestimated compared to the experimental value, 1.20 eV, Fig. 1, and
reported results.*3-4>

The inverse participation ratio (IPR)7#7> characterizes the degree of localization of a single-
particle Kohn-Sham eigenfunction (1)

_ Jarypalt

IPR=—— .
(Jdrip@)?)?

(5)

A small IPR value (« N ~%, where N is the number of atoms in the simulation box) corresponds
to an extended wave function, while a large IPR - 1 indicates a strong localization around
specific covalent bond. The calculated IPRs, derived using the projections of ¥(r) onto an
atomic basis set and the atomic orbital coefficients, are shown in Fig. 9, plotted together with the
eDOS. We note a higher electron localization at the band tails (the top of the valence and the
bottom of the conduction bands), consistent with the theories of disordered semiconductors.””
The remaining electron states in the vicinity of the energy gap are delocalized. On the contrary,
the deeper states of Ga 4s and Te 5s character appear to be even more strongly localized,
participating in the covalent bonding. Similar situation was reported for many tellurides.”%727475

3.5 Multilevel optical changes induced by laser pulses

Preliminary pump-probe optical experiments have confirmed low-power reversible phase-
change transitions in Ga,Tez PLD thin films, reported previously only for electrical switching.810
A single 532 nm nanosecond pulse of appropriate energy density crystallizes the amorphous
material completely, decreasing the optical transmission T(t), Fig. 10(a), and increasing the
reflection R(t). The required limit of the energy density is quite low, 20 m] cm* even at Ad,ymp =
800 nm, Fig S3 (ESI); the 100 nm Ga;Te; film is rather transparent for photons with 800 nm
wavelength, Fig. 1. The energy density of 50 m]J cm* at A,ymp = 532 nm is slightly above the SET
threshold. While crystallizing, the normalized transmittance T(t)/T, where T, is the
transmission of the amorphous film, exhibits a minimum (-16%) at t ~ 40 ns and then increases
reaching a plateau (-12%) above 150 ns. The observed non-monotonic behavior can be related
to a local heating, induced by the nanosecond pulse, and/or to a partial re-amorphization.
Pulses with higher energy density, 65 m] cm™ at A,ymp = 532 nm, gradually restore the RESET
logic state (a complete re-amorphization), Fig. 10(b), with the corresponding decrease of the
normalized reflectivity, R(t)/R., where R_ is the reflectivity of fully crystallized Ga,Te; layer. The
difference in R(t)/R. between a- and c-Ga,Te; reaches -58%. These preliminary results can be
compared with a rough estimation of the expected changes in optical transmission and reflection
related to a density change between amorphous (5.22 g cm3) and cubic Ga,Te; (5.64 g cm3) and
leading to a change in the refractive index (calculation details are given in ESI). The expected
decrease in T(t)/T, for crystalline Ga,Tes is -8%, while R(t)/R. is expected to decrease by -19%
on re-amorphization. These estimations show that a density change alone is insufficient to
explain the observed changes in optical properties of Ga,Te; during reversible phase
transformations. The magnitude of the observed changes in reflectivity and transmittance is

15



Journal of Materials Chemistry C

comparable with those in GeTe.”?%% A multilevel writing seems to be realized here, simply
controlled by the number of appropriate nanosecond pulses.

These preliminary optical measurements without any optimization and with relatively thick
samples show promising PCM response of gallium sesquitelluride, which seems to be
comparable with that of classical PCMs, see, for example, recent papers and reviews®-%* and
references therein. A meticulous choice of the laser operation parameters, substrates, optimal
thicknesses, etc. will substantially improve the PCM performance. Further optical experiments
are in progress and will be reported elsewhere.

| ' l ! | J |
100 (a) 50 mJ cm™®
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R 95 -
<
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= 90
|_
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85 100 nm ‘ ol
| ! | ! | L |
-50 0 50 100
Time (ns)

SET (b) 65 mJ cm™ —
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< 80
[&]

14
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0.0 0.3 0.6 0.9
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Fig. 10 Optical SET-RESET transitions in Ga,Te3 PLD films (100 nm) induced by a nanosecond laser with
Apump = 532 nm: (a) a single pulse with the energy density 50 m] cm? (transmission mode); (b) a multi-
pulse train with the energy density 65 m] cm? (reflection mode) and the repetition rate 10 Hz. The
temporary profile of a single laser pulse (highlighted in pink) is also shown in (a). The smoothed
reflectivity data of the sample re-amorphization (the pink curve) is shown in (b). See text for further
details.

In addition to future systematic pump-probe experiments, we are also planning spectroscopic
ellipsometry measurements on both amorphous and crystallized Ga,Te; thin films, providing
important complementary data on dielectric functions and optical response,’? X-ray
reflectometry experiments to evaluate the density and thickness changes,®> and optical
absorption measurements on crystallized Ga,Te; samples.

3.6 Atomic structure, nanotectonic nuclei and the origin of optical and electrical
contrastin Ga,Te;
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In contrast to flagship PCMs as GeTe or Ge,Sb,Tes, gallium tellurides are characterized by the Sp3
hybridization of gallium and the absence of Peierls distortion. Consequently, the phase-change
mechanisms are expected to be different compared to classical fast transformers.!” Basically, the
atomic structure of vitreous Ga,Te; seems to be similar to the cubic polymorph: the gallium
environment is predominantly tetrahedral, and the tellurium local coordination Ntex = 2.75 +

0.08 is very close to the fcc value, Ni% = 224. The only significant differences appear to be a

substantial fraction of edge-sharing tetrahedra ES-GaTe,, fgs = 0.42 £+ 0.03, and the observed
chemical disorder, y = 0.088 + 0.013. As a result, the expected changes in optical and electronic
properties are suggested to be relatively small and do not predict strong PCM response.
Nevertheless, the preliminary pump-probe laser experiments and the reported electrical
switching results® 10 indicate a good electrical and optical contrast between the SET and RESET
states.

We note, however, that the SET logic state should not necessarily be related to the stable
ambient pressure polymorph. For example, the crystalline SET counterpart of GeTe has a
metastable rock-salt lattice and is not the stable rhombohedral modification.® Likewise, high-
pressure rhombohedral Ga,Te; metastable at ambient conditions, can be crystallized from a
supercooled liquid after appropriate laser or electric pulses of suitable duration and energy
density.

Rhombohedral high-pressure HP-Ga,Tes space group R3m,5? is very different from typical
gallium chalcogenides having the tetrahedral structure. This crystal belongs to Bi,Te; structural
type whose structure consists of repeated quintuple layers of atoms, Te2-Ga-Tel-Ga-Te2
stacking along the c axis of the unit cell (Figure S4). The gallium local coordination is octahedral
with two different Ga-Te distances: 2.58 A and 2.92 A, while tellurium is four-fold coordinated in
average (Tel is octahedrally coordinated and two Te2 have trigonal coordination: (Nte_g.) = (6 +
3 x 2)/3 = 4. The Peierls distortion of rhombohedral HP-Ga,Te; with two different Ga-Te
nearest neighbor separations is clearly seen for the neutron total correlation function Ty(7), Fig.
S5, calculated from the cif file>? using the XTAL code.8¢

The question arises why a high pressure polymorph is expected to be formed in these
conditions. A possible answer is related to a very unusual phenomenon, the nanotectonic
compression, recently found for Te-rich bulk glassy GaTe; on heating above the glass transition
temperature T.!8 The reported in situ XRD measurements as a function of temperature have
shown a simultaneous co-crystallization of both ambient and high pressure polymorphs: (a)
trigonal tellurium and monoclinic HP-Te II, stable above 4 GPa,®” and (b) fcc Ga,Te; and
rhombohedral HP-Ga,Tes, usually co-existing between 5 and 8 GPa.>> The emergence of HP-
forms is a consequence of two factors: the presence of high-pressure nuclei in the supercooled
liquid and their growth with increasing temperature promoted by high internal pressure,
reaching 4 to 8 GPa. A drastic difference in thermal expansion coefficients between the incipient
HP-nuclei and the rigid and viscous supercooled liquid seems to be the origin of nanotectonic
compression in gallium tellurides, resulting in crystallization of metallic HP-phases.

The obtained FPMD results for vitreous Ga,Tes and preliminary data for supercooled and normal
gallium sesquitelluride liquids are consistent with this scenario. The incipient HP-nuclei related
to both monoclinic Te II and rhombohedral Ga,Te; were found in the glassy PLD film. Their
fraction is negligible at room temperature, 2-4% (Figs. 5-7), but increases rapidly above Ty,
ensuring the appearance of HP-crystallites and then of the HP-polymorphs. In addition, vitreous
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Ga,Te; has a number of more or less distinct resemblances with HP-Ga,Tes, such as the ring
statistics, Fig. 8, or the presence of the ES-units, absent in fcc Ga,Tes, providing a transformation
path into HP-polymorph at the intermediate range scale. The metallic high-pressure forms are
beneficial for PCM performance and energy consumption ensuring higher electrical and optical
contrast for a given energy density of incoming laser or electric pulses. We should also note that
rhombohedral HP-Ga,Te; has some characteristic properties of incipient metals:®” (1) it is
isostructural to Bi,Te;, a typical metavalent sesquitelluride,®® (2) it has a moderate

conductivity,®® ~10 S cm}, and (3) its effective coordination number does not obey the (8-N)
rule.

Additional information related to structural SET-RESET and RESET-SET changes is given in ESI.
Further studies of laser-induced SET-RESET phenomena and related structural transformations
are necessary to verify this hypothesis and a long-term stability of nonvolatile memory and
photonic devices based on atypical phase change alloy Ga,Tes.

4 Conclusions

Vitreous stoichiometric Ga,Te3 thin films with a thickness of 1.10 um and 100 nm were obtained
by pulsed laser deposition for structural, optical and phase-change pump-probe laser
experiments. The films were found to be homogeneous and uniform with the optical band gap
E;=1.20 £ 0.02 eV and the refractive index ng = 3.13 + 0.08 over the 1.1 < A1 < 2.3 pm spectral
range.

Raman spectroscopy and high-energy X-ray diffraction supported by first-principles molecular
dynamics with the hybrid functional GGA/PBEO have shown a slightly distorted four-fold
gallium coordination with the tetrahedral fraction fr, = 0.97 + 0.02 and a negligible population
of under- and over-coordinated Ga species pga.4 = 0.04. Both the experimental and FPMD
simulated results revealed a mixed gallium and tellurium local environment consisting of
heteropolar Ga-Te/Te-Ga and homopolar Ga-Ga/Te-Te bonds. The chemical disorder y at room
temperature was found to be rather small, ¥ = Ngaga/Ngax ® Ntere/Ntex = 8.8 £ 1.3%, where X =
Ga or Te, consistent with a significant bond energy differences: Eg, —1e = 147 K] mol?! > %4(
EGa—GatETe —Te) = 120 K] mol.

The calculated electronic density of states was similar to the reported experimental results and
exhibits the energy gap EgBEO = 1.48 eV, that is, slightly overestimated compared to the
fundamental optical absorption edge. The inverse participation ratio indicates a stronger
localization at the valence and conduction band tails, while the remaining electronic states
appear to be extended, consistent with the theories of disordered semiconductors. Both the
gallium and tellurium valence band orbitals are hybridized; the gallium hybridization has
presumably a sp® character.

The derived atomic structure of vitreous Ga,Te; PLD film and of the stable ambient pressure fcc
polymorph are quite similar. The important differences include the presence of a substantial
fraction of edge-sharing units, fgs = 0.42 = 0.03, absent in the cubic crystal, the chemical
disorder and a small part, 2-4%, of incipient nanotectonic nuclei. The latter are reminiscent of
monoclinic HP-Te II, stable above 4 GPa, and rhombohedral HP-Ga,Tes, coexisting with the fcc
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polymorph between 5 and 8 GPa. The metastable HP-Ga,Te; with octahedral gallium local
environment and metavalent bonding seems to form the SET logic state in atypical Ga,Te; PCM
capable of multilevel writing. Further studies are necessary to verify this hypothesis.

The preliminary optical pump-probe laser experiments have shown promising high-contrast,
fast and reversible PCM response of gallium sesquitelluride, previously observed only for
electrical switching. Further optimization of the laser operation parameters, substrates, film
thicknesses, etc. is expected improving substantially the PCM performance of Ga,Te; and related
materials.
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