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ABSTRACT

Nitrogen doping in chalcogenide materials represents a promising way for the improvement of material properties. Indeed, N doping in
GeSbTe phase-change alloys have demonstrated to greatly enhance thermal stability of their amorphous phase, necessary to ensure the data
retention of the final phase-change memory device. Although it is suggested that the N doping in such alloys leads to the preferential forma-
tion of Ge-N bonds, further questions concerning the bonding, in particular, Sb-N and Te-N, and the structural arrangement remain
unclear. In this paper, we present a study of as-deposited elemental Ge, Sb, and Te systems and their nitrides (i.e., GeN, SbN, and TeN
alloys), using a large range of N content from 0 up to about 50 at. %. The as-deposited alloys are investigated by Fourier transform infrared
and Raman spectroscopy. We identify the active vibrational modes associated with the formation of Ge-N, Sb-N, and Te-N bonds, highlight-
ing the impact of N incorporation on the structure of these elemental systems. We further qualitatively compare the GeN, SbN, and TeN
experimental spectra with the “ab initio” simulations of the related ideal nitride structures. Finally, the analysis of elemental nitride layers is
extended to N-doped GeSbTe alloys, providing deeper understanding of nitrogen bonding in such ternary systems, employed in memory
technology.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0117596

I. INTRODUCTION

Germanium, antimony, and tellurium are metalloids considered
as “technology critical elements.”" Either pure or alloyed in more
complex systems, these elements are used for a wide range of applica-
tions in optics, photonics, microelectronics, and solar cells
industry.3 =19 The binary (GeTe, SbTe) and ternary (GeSbTe) chalco-
genide alloys are widely investigated in the field of phase-change
memory (PCM) technology for their phase-change properties, based
on the reversible transition between their amorphous and crystalline
phases.'''* Indeed, ternary GeSbTe alloys have already proven their
maturity in the memory device industry.”'® Material engineering of
GeSbTe alloys (GST) have been extensively investigated over the past

years as a possible approach to improve the phase-change material
properties. The two most common approaches have been: (a) the
stoichiometry tuning'’>* and the exploration of off-stoichiometric
alloys (i.e., Ge-rich or Sb-rich alloys); (b) the doping of the alloy by
other elements, such as C, N, O, or Si.””™*” The benefit of N doping
in chalcogenide materials to improve the phase-change properties is
known since their use in optical applications.””" It has been sug-
gested that N doping in these alloys leads to the formation of Ge-N
bonds, which are responsible for the increase of crystallization tem-
perature and the reduction of the grain size of the formed GST crys-
talline phase.”' > However, the effect of N incorporation in GeSbTe
alloys raised several questions concerning the bonding configuration
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and the related structural arrangement. In particular, the possible
bond formation implying Sb and Te is still under debate.

Germanium nitride (GeN) alloys were systematically studied
in the past, owing to the great interest in Ge as a material for
microelectronics and to its structural similarities with conventional
Si.”*” GesN, is considered as a stable stoichiometric compound.
In contrast, antimony nitrides (SbN) and tellurium nitrides (TeN)
have been less studied so far and their structure is rather unknown.
GeN, SbN, TeN, and their N-doped binary and ternary alloys were
investigated by X-ray photoelectron spectroscopy (XPS)*’ and a
map of inorganic nitrides was suggested in Ref. 41, predicting the
formation of binary nitrides and calculating their formation enthal-
pies. While the formation enthalpy of the GeN system is about
-0.25 eV/at (GesNy structure), the calculated value for SbN system
increases to 0.18 eV/at (SbN structure) and for the TeN system to
0.68 eV/at (Te;N, structure; 1.09 eV/at for the TeN, structure).*"**
These values indicate the high stability of the GeN system, while
the formation of SbN and TeN is much less favorable. Indeed, the
formation of Te;N, is suggested but the structure is considered
highly unstable,">** while some studies report about SbN forma-
tion and stability only at high pressures.>*°

In this work, we present the investigation of as-deposited Ge,
Sb, and Te thin layers upon the nitrogen incorporation, studied by
Raman and FTIR spectroscopy. We reveal the impact of nitrogen
on the structure of Ge, Sb, and Te, and we identify the vibrational
bands in the spectra related to the Ge-N, Sb-N, and Te-N bonds.
The experimental IR and Raman results are supported by X-ray
absorption spectroscopy (XAS) measurements performed on the
as-deposited layers and by “ab initio” simulations of the related
ideal nitride structures. Finally, we analyze the spectra of N-doped
ternary GeSbTe alloys (N content lower than 10 at. %) in the light
of the results obtained from elemental nitride layers, underlining
the main effects of nitrogen incorporation in ternary alloys, recently
considered for memory applications.

Il. EXPERIMENTAL METHODS

Elemental Ge, Sb, and Te layers were deposited on 200 mm Si
(100) wafers by magnetron sputtering from Ge, Sb, and Te targets,
respectively, in Ar atmosphere. The nitride layers (i.e., GeN, SbN,
and TeN) were prepared by reactive sputtering in an Ar/N, gas
mixture in the deposition chamber. GeN, SbN, and TeN layers with
different N contents resulted from the variation of the ratio
between Ar and N, gas flows during film deposition. The N, flow
was varied from 0.5 SCCM up to 40 SCCM. In the following, we
will address the nitride layers referring to the used N, flow. The
deposition of all layers was performed at room temperature and the
as-deposited 100 nm-thick layers were protected by a 3.5 nm-thick
carbon capping layer deposited in situ without air exposure to
prevent surface oxidation.

The composition of the layers was measured by wavelength
dispersive X-ray fluorescence spectroscopy (WDXRF Rigaku AZX
400) using the methodology described in Ref. 47. The IR transmit-
tance spectra converted to absorbance were acquired in the range
from 4000 to 30 cm ™" (Bruker Vertex 70VA) with the resolution of
4 cm™', accumulating 64 scans. The IR spectra in the range below
1000 cm™" are presented as no bands are observed at higher
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wavenumbers (except the TeN 20 SCCM layer, specified later in the
text). The Raman spectroscopy measurements (Renishaw InVia)
were performed in the Raman shift range from 100 to 1000 cm” ),
using the 532 nm laser excitation source and the focusing lens with
the magnitude 100x and numerical aperture 0.85. The applied laser
power was kept below 0.6 mW.

The local atomic structure has been studied by extended X-ray
absorption fine structure (EXAFS) and X-ray near-edge spectro-
scopy (XANES) techniques at the XRF beamline at Elettra
Sincrotrone Trieste, Italy. The Ge-K EXAFS measurement, Sb-Ls,
and Te-L; XANES measurements were performed in a fluorescence
mode for elemental (Ge, Sb, and Te) and nitride (GeN, SbN, and
TeN) samples, respectively. Theoretical EXAFS functions for Ge-Ge
and Ge-N pairs were generated using the FEFF program package.*’

The “ab initio” simulations of IR and Raman spectra were per-
formed on Ge, Sb, and Te nitride structures in order to identify the
active vibrational modes assigned to N bonding with Ge, Sb, or Te
in the respective ideal crystalline structures. The identification of
IR- and Raman-active modes of the related nitride structures allows
to determine possible N bonding contributions in the studied
amorphous layers. The simulations were performed using VASP
code””*” and Phonopy-Spectroscopy package.”' Initial crystal struc-
tures of GesN, SbN, and TeN, were obtained from Materials
Project,”” followed by structural relaxation using density functional
theory (DFT) with a Monkhorst-Pack (MP) mesh (4x8x 8 for
GesN, and 6 x6x6 for SN and TeN,). Phonon modes were
obtained using density functional perturbation theory with a
2x2 x4 supercell and a 2 x2x2 MP mesh for Ge;Ny a 3 x3x2
supercell and a 2x2x3 MP mesh for SbN; a 2x2x 3 supercell
and a 3 x 3 x2 MP mesh for TeN,. The projector augmented wave
(PAW) method with the PBE functional’® and 400eV cut-off
energy were used for the calculations. For the qualitative compari-
son of simulated and experimental data, the obtained spectra were
normalized with respect to the most intense peak of the spectra.

lll. RESULTS AND DISCUSSION

We start by presenting the quantification of the nitrogen
content measured by WDXREF. Next, we present the results along
with the discussion for Ge, Sb, and Te systems upon the N incorpo-
ration. Finally, we compare the results of elemental nitride layers
with N-doped Ge-rich and Sb-rich GeSbTe alloys to highlight the
formation of N bonding in these ternary alloys.

A. Quantification of N content

The quantification of N content in the studied layers by the
WDXRF measurements is presented in Fig. 1. The Ge and Sb
layers feature the highest N incorporation with regard to the N,
flow during the deposition. On the contrary, Te layers showed to be
the least prone to incorporate N. The values of measured N
content in the layers prepared with the N, flow of 2, 10, and
20 SCCM are listed in Table I. The tendency of the systems to
incorporate nitrogen is likely related to the possibility to form the
corresponding X-N bonds (where the X=Ge, Sb, or Te), as can be
predicted from formation enthalpies of known nitride structures
previously reported. As already mentioned above, germanium
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FIG. 1. N content in Ge, Sb, and Te nitride layers measured by WDXRF as a
function of N, flow during the deposition. Dashed lines indicate the N, flow of 2,
10, and 20 SCCM. The highest incorporated N content is observed for GeN
layers.

nitride presents the most stable nitride structure among the studied
elemental compounds.

B. Ge and GeN layers

IR and Raman spectra of Ge and GeN layers are shown in
Fig. 2. The IR spectrum of pure Ge layer is not shown due to the
lack of absorption features. Nitrogen incorporation in Ge produces
a strong IR absorption band at about 690 cm™" and a second broad
band at about 300 cm™. Based on the investigation of GeN and
GeN:H alloys,”™””™>" these bands are related to in-plane asymmet-
ric stretching and disorder-induced breathing vibrational modes of
the Ge;N skeletal group, respectively. The asymmetric form of both
bands in the IR spectra becomes more evident with increasing N
content and indicates the presence of more than one contribution.
Indeed, based on the performed spectra deconvolution (see the
supplementary material), following contributions were identified:

TABLE |. Comparison of the N content in Ge, Sb and Te for the N, flow of 2, 10,
and 20 SCCM.

N content (at. %)

N, flow GeN SbN TeN
2 SCCM 14.5 9.5 0
10 SCCM 37.9 27.0 9.3
20 SCCM 49.6 38.9 13.1

ARTICLE scitation.org/journalljap
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FIG. 2. IR (a) and Raman (b) spectra of Ge and GeN layers. IR spectra high-
light the main band at about 700 cm~" and the second broad band at about
300cm™", each of them formed by two contributions (v4 and vy; v3 and v,
respectively). Raman spectra demonstrate the broadening of a-Ge modes (100-
300 cm™") and the appearance of the broad band related to vibrations of Ge-N
bonds (600-800 cm™") upon increasing N content.

main contributions at 680 cm™" (v,) and 280 cm™" (vs) accompa-
nied by additional contributions at 750 cm™! (v,) and at 390 cm™"
(v4). The integrated intensity of the GeN bands increases with N
content, reaching the maximum value for GeN 20 SCCM. The
same trend was observed in previous investigations.’””> However,
the intensity decrease is observed in our studies for highly doped
GeN compositions (i.e., N content about 50 at. %), while the band
broadening still continues (Fig. 3).

Raman spectrum of Ge layer shows the characteristic band in
the range from 100 to 300 cm™". This band is assigned to amor-
phous Ge (a-Ge) modes, i.e., TO-like mode (275 cm™), LO-like
mode (220cm™!), and LA-like mode (160cm™").”°>"" The
TA-like mode is not observed in this work as it appears at wave-
numbers below the edge of the used notch filter. The significant
broadening of the a-Ge band is noticed upon increasing N content.
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FIG. 3. (a) Normalized IR band, highlighting the shoulder broadening with
increasing N content. The dashed lines indicate the positions of main (v4) and
additional (v,) contributions. The inset sketches illustrate the bonding arrange-
ment between Ge and N atoms. (b) Calculated values of IR band area plotted
as a function of N, flow: Integrated area of entire IR band (black squares) and
the ratio of integrated areas of its contributions (area of additional contribution
v, at 750cm™" over the area of the main contribution v4 at 680 cm™~", red
triangles).

Moreover, a new broad band with the maximum at about 700 cm™"

appears in the spectra. This band is assigned to the vibrations of
the Ge;N group, as observed in IR spectra.”” More than one contri-
bution to this band can be distinguished, in particular, in spectra of
GeN with high N content (about 50at.%, ie., from GeN
20 SCCM), which can be correlated with the different band contri-
butions identified in the IR spectra. The contributions of vibra-
tional modes originating from the Si substrate also become evident
in the GeN Raman spectra: the main peak at 521 cm™, second
order scattering modes at 950 cm™' and at 300cm™ (in GeN
40 SCCM).”®*” Their intensities increase with the N content due to
progressive transparency of the GeN layers related to the changes
in optical properties.”

The presence of additional contributions in the main band in
IR spectra (at 690 cm™") was described in Refs. 39 and 55. The N
incorporation leads to changes in the local environment, in which
more Ge atoms are bonded to nitrogen. Causing the inductive
effects and modifications in charge distribution around the Ge
atoms, these changes result in the shift in the main vibrational
energy to higher wavenumbers and to consequent appearance of an
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additional contribution v,. As the layers feature a high degree of
disorder, further increasing with N incorporation, this additional
contribution v, represents the overall sum of possible different
Ge-N bonds configurations. Therefore, the integrated intensity of
the main IR band at about 690 cm™" increases with the formation
of new Ge-N bonds. However, the continuous formation of Ge-N
bonds leads to the saturation of the system, resulting in a
maximum intensity of the IR band for GeN 20 SCCM (N content
about 50 at. %). Indeed, the vibration of the Ge;N group becomes
highly affected by the large presence of neighboring Ge-N bonds,
thus causing the reduction of its vibrational mode v, at 680 cm™".
This results in the reduction of the band integrated intensity in the
layers with higher N content, even though the broad additional
contribution v, at 750 cm™" continues to slightly grow (Fig. 3),
leading to the preponderance of the configurations richer in N
atoms.

The disorder increase in the layer upon the N incorporation
and the formation of new Ge-N bonds also cause the broadening
of the a-Ge modes in Raman spectra. These results are supported
by the EXAFS analyses shown in Fig. 4. The Fourier transform of
Ge-K EXAFS signal for the Ge layer features only one contribution
corresponding to the Ge-Ge distance.””**’ A second additional con-
tribution is observed in the GeN layers at a shorter distance, corre-
sponding to the Ge-N pair.””*" The Ge-Ge peak reduces in
intensity, while the Ge-N peak increases with N incorporation. The
reduction of the Ge-Ge contribution in GeN layers explains the
extensive broadening (and gradual disappearance) of a-Ge modes
in Raman spectra.

The analysis of IR and Raman spectra are further supported
by “ab initic” IR and Raman simulations of active vibrational
modes of crystalline hexagonal Ge;N,, referred as a stable germa-
nium nitride structure.””®" The comparison between the simulated
and experimental IR and Raman spectra is presented in Fig. 5.
Both simulated IR and Raman spectra show good agreement with

Ge-K

Intensity (a.u.)

o 1 2 3 4 5 6
Radial distance (A)

FIG. 4. Fourier transform (FT) of EXAFS Ge-K signal of Ge and GeN layers,
demonstrating the contributions corresponding to Ge-Ge and Ge-N distances.
The Ge-N contribution becomes dominant with increasing N content, at expense
of the Ge-Ge contribution.
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FIG. 5: Experimental (Exp) and simulated (Sim) spectra of GeN: (a) IR spectra,
(b) Raman spectra. Experimental data are obtained for GeN 10 SCCM, while
simulated spectra are for crystalline GesN, with hexagonal structure.*?

our experimental results concerning the vibrational regions and the
presence of multiple contributions in the observed regions.
Moreover, the simulated Raman spectrum features several contribu-
tions at about 300 cm™', which could possibly also contribute to
the broadening to the band assigned to a-Ge.

C. Sb and SbN layers

IR and Raman spectra of Sb and SbN layers are shown in
Fig. 6. Antimony is known to be IR-inactive in the explored wave-
numbers range (IR spectrum not shown). On the contrary, Raman
spectrum of Sb layer shows two sharp peaks at 115 and 150 cm™*
corresponding, respectively to E; and A;; modes of crystalline
Sb.°>% A second order scattering mode at about 270 cm™" can be
also observed.”” This indicates the crystalline character of the
as-deposited Sb layer. Indeed, fast spontaneous crystallization of Sb
at room temperature is reported in the literature.’**

IR spectra of SbN layers feature a broad band at 600 cm™’,
whose intensity increases with the N content in the layer. The
asymmetric form of the band suggests the presence of more than
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FIG. 6. IR (a) and Raman (b) spectra of Sb and SbN layers. The IR spectra
show the main absorption band at about 600 cm=", highlighting two possible
contributions (v4 and v,). The inset sketches illustrate the bonding arrangement
between Sb and N atoms. Raman spectra highlight two sharp peaks of crystal-
line Sh, broadened into one sharp band upon N incorporation. The inset in
Fig. 6(b) shows a zoom of Raman spectra in the range of 100-225 cm™", high-
lighting the band shift due to the increasing Sb-N band contribution.

one contribution. Based on the performed deconvolution (see the
supplementary material), the main contribution v; was found at
~560 cm™" accompanied by an additional band v, at ~630 cm™".
Other bands are observed at about 300 cm™ (v;) and 145cm™
(v4). The intensity of the band v; also increases with N content,
while the intensity of the band v, is reduced. N incorporation in Sb
layers results in significant changes in Raman spectra. The SbN
Raman spectra of feature one broad band in the range between 100
and 200 cm™" instead of the sharp peaks observed for crystalline
Sb. This may indicate the amorphous nature of the structure of Sb
layers upon the N incorporation. Indeed, a similar band has been
observed in the Raman spectra of undoped amorphous Sb (a-Sb).**
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Furthermore, a shift of the band toward higher wavenumbers is
observed with increasing N content [inset of Fig. 6(b)]. The shift is
related to the increasing intensity of the band contribution at about
170cm™" assigned to Sb-N bonds, as identified from spectra
deconvolution (see the supplementary material). N incorporation
shows to also affect the Sb second order scattering mode (at about
270 cm_l), causing its broadening. Moreover, a new broad band
with a maximum at 600 cm ™" is observed in the spectra (in particu-
lar, for SbN 20 SCCM), corresponding to the wavenumber of the
main band in IR spectra. The small sharp peak at 520 cm™" in the
spectrum of SbN 20 SCCM is assigned to the Si mode of the
substrate.

Crystalline Sb has a rhombohedral structure with a threefold
coordination symmetry.”” Sb and N elements belong to the same
group of periodic table; hence they have the same valence electrons
number and coordination. The same coordination of Sb and N
likely facilitates the Sb atoms substitution by N atoms, leading to
the formation of Sb-N bonds. This can also explain the high N
incorporation into Sb layers, as shown in Fig. 1. The substitution of
Sb by N atoms was already observed in N-doped GaSb alloys.”
The Sb atoms substitution by N atoms and the formation of Sb-N
bonds lead to the increased disorder in the layer. Indeed, nitrogen
atoms have a smaller atomic radius compared to Sb, which causes
the Sb atoms’ displacement from their original lattice positions and
thus the breaking of the long-range order in the Sb crystalline
structure. This is evidenced in Raman spectra, where the Sb crystal-
line peaks enlarge into one broad amorphous band. The significant
changes in the local atomic environment around the Sb atoms are
further confirmed by XANES spectra of Sb and SbN layers, where
the diminution of absorption features in the near-edge region is
observed of SbN layers (Fig. 7). Similar disappearance of the
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FIG. 7. XANES spectra obtained for Sb and SbN 2 sccm layers, showing the
diminution of absorption features in the near-edge region for the SbN layer.
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absorption features was reported in Ref. 67, related to increased dis-
order in the Sb structure.

The formation of Sb-N bonds is evidenced by the broad
absorption band in IR spectra. Similar IR band assigned to the
vibrational mode of Sb-N bonds was also observed in Ref. 68. An
analogy with GeN layers can be used to identify the IR bands of
SbN. The IR spectra of both Ge and Sb elemental layers feature no
active modes, while the N incorporation results in a strong IR
absorption in the range from 400 to 800 cm™", composed of several
contributions (identified as v, and v,). The IR band of SbN is
shifted toward lower wavenumbers with respect to the GeN one,
since the Sb atoms are heavier (i.e., causing the changes of vibra-
tional frequency). Considering the same coordination of Sb and N
atoms, the formation of Sb;N structural units might be suggested,
similarly to GesN identified in GeN layers. The two identified con-
tributions of the main IR band (v; and v,) then likely represent the
Sb-N vibration of SbsN structural units and disorder-induced
vibrations of the same units impacted by more neighboring N
atoms arranged in different configurations as the N content
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FIG. 8. Experimental (Exp) and simulated (Sim) spectra for SbN: (a) IR
spectra, (b) Raman spectra. Experimental data are obtained for SbN 10 SCCM,
simulated spectra results for crystalline SbN with orthorhombic structure.*?
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increases. The IR band v at 300 cm™", also, likely results from

Sb-N vibration, as its intensity increases with N content. The IR
band vy, on the contrary, could be likely related to Sb-Sb vibra-
tional modes, which become IR-active due to disorder induced by
N incorporation.

The experimental IR and Raman spectra were further com-
pared with the simulated spectra of crystalline SbN with the ortho-
rhombic structure: This comparison allows to determine the IR
and Raman bands resulting from the vibration of Sb-N bonds
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FIG. 9. IR (a) and Raman (b) spectra of Te and TeN layers. IR spectra demon-
strate Te-O contribution in elemental Te layer. The broad band (850-250 cm™")
related to Te-N vibrations increases in intensity upon N incorporation, while
sharp peak (at about 90 cm™") related to Te-Te vibrations is reduced. The inset
sketches illustrate the N incorporation into interstitial positions between the Te
chains of its crystalline structure. Raman spectra highlight two sharp peaks of
crystalline Te (c-Te) and the appearance of the amorphous contribution (a-Te)
upon N incorporation.
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(Fig. 8). The simulated IR spectrum shows two contributions in the
main band at about 600 cm™' and several contributions in the
region around 300 cm™", corresponding to the broad band observed
in the experimental spectrum. Both vibrational regions can be
therefore attributed to Sb-N vibration. Moreover, the contributions
in both IR spectral regions correspond also in terms of intensity
ratio. The simulated Raman spectrum shows a strong band at low
wavenumbers and weaker bands at around 600 cm™'. The simu-
lated low wavenumber band indicates a possible Sb-N contribution
to the broad band assigned to a-Sb and can be likely responsible
for the band shift with increasing N content. These simulated
results are thus in agreement with the experimental results
described above and shown in Fig. 6. A second spectral region at
600 cm™" assigned to the Sb-N bonds corresponds to the low
intense broad band observed in the SbN 20 SCCM layer.

D. Te and TeN layers

The IR and Raman spectra of Te and TeN layers are shown in
Fig. 9. Tellurium is highly transparent in IR, hence no contribution
should be expected until far IR. Indeed, the IR spectrum of Te fea-
tures a sharp peak at 90 cm™" corresponding to the A,/E; optical
modes in trigonal Te (c-Te),””””" indicating that the as-deposited
Te layer is crystalline. However, another broad and low intense
band is observed in the range of 550-850 cm™' assigned to the
Te-O vibrations.”>”” This band indicates that the undoped Te layer
is oxidized despite the deposition of the protective encapsulation
layer. The oxidation of similar Te layers was observed by XPS
studies.”” The Raman spectrum of elemental Te layer shows two
sharp peaks at 122 and 142 cm™', assigned to the A; and E, modes
of trigonal Te,””~"""*"" respectively. No contributions attributed to
Te-O vibrations were found in the Raman spectrum.
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FIG. 10. XANES spectra obtained for Te and TeN 2 SCCM layers. The spectra
do not show any significant changes upon N incorporation.
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Upon N incorporation, the intensity of the Te mode at
90cm™" is reduced until its complete disappearance in TeN
10 SCCM and TeN 20 SCCM layers. On the contrary, a broad band
is observed in the range from 250 to 850 cm™'. Its form suggests
the presence of several contributions. The IR spectra of the TeN
20 SCCM layer shows, in addition, other broad bands at higher
wavenumbers (i.e., 4000-1000 cm_l), corresponding to O-H, N-H,
and N-O vibrations.”® This range, however, is not further consid-
ered in our analysis. Raman spectra of TeN layers show a progres-
sive broadening of the peak at 142cm™', resulting from arising
additional contribution with the maximum at about 150 cm™". This
additional contribution has been attributed to amorphous Te
(a-Te).”” No other bands are observed in the Raman spectra at
higher wavenumbers.

The crystalline structure of Te is known to be trigonal, com-
posed by helical chains of Te atoms at the corners and center of a
hexagonal array. The structure features the covalent bonding
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FIG. 11. Experimental (Exp) and simulated (Sim) spectra for TeN: (a) IR
spectra, (b) Raman spectra. Experimental data are obtained for TeN10 SCCM
compared to the simulated spectra of crystalline TeN, with monoclinic struc-
ture.”” The experimental Raman spectrum of TeN 10 SCCM shows only the
contributions from Te-Te bonds (at 122 and 142 cm™").
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between the atoms in the chain and secondary weaker interactions
between the atoms in adjacent chains.”' These secondary interac-
tions are however stronger compared to those in S and Se struc-
tures.”” This could explain lower reactivity of Te and its reduced
tendency to form different compounds with regard to S and Se
analogs along with the fact that Te does not build long (polymeric
chains). Indeed, differently from S or Se, for which X,N, or X;N,
(X = S, Se) compounds are reported in the literature,”””’" only a
model structure of TesN, is considered in the case of Te. Moreover,
this Te;N, structure is considered as highly unstable and the
bonding between the atoms is unknown. Te-N bonds were reported
mainly in organometallic complexes, where they are, however,
highly stabilized by other molecules. The low N incorporation in
the structure of inorganic Te layers is also evidenced by WDXRF
measurements (Fig. 1) and XANES spectra of Te and TeN layer
(Fig. 10), in which N incorporation does not cause any changes in
the absorption edge and adjacent absorption features.

The results of IR and Raman spectroscopy indicate that the N
atoms likely occupy the interstitial positions between the covalent
chains of the Te structure, having the major impact on inter-chain
bonds (i.e., reduction of A, mode at 90 cm™ in IR spectra), while
stronger covalent intra-chain bonds are much less affected (ie., A;
and E, modes at 122 and 142 cm” ), respectively, in the Raman
spectra are maintained). The formation of the Te-N bonds gives
rise to the broad band in the IR spectra, resulting from the induced
dipole moment owing to the charge transfer between more electro-
negative nitrogen and less electronegative tellurium. Three band
contributions can be distinguished from the performed band
deconvolution (see the supplementary material), likely correspond-
ing to three Te-N bonds between the interstitial N atom and three
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FIG. 12. The comparison of IR spectra of Ge, Sb, Te and Ge-rich and Sb-rich
GeSbTe upon the N incorporation (N, flow of 2 SCCM was considered for all
the compared layers in our experiment). Dashed lines indicate the position of
Ge-N bonds contribution in GGSTN, and Ge-N and Sb-N bonds contributions in
SGSTN.
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TABLE Il. List of the position values of the IR spectra band contributions for Ge, Sb, and Te elemental and nitride systems.

IR spectroscopy
Vi Va2 V3 V4
Ge layer
GeN layers 680 cm™" 750 cm ™ 280 cm™! 390 cm™
(Ge-N contributions)
Vi V2 V3 Vq
Sb layer
SbN layers 560 cm ™" 630 cm™ 300 cm™ 145cm™!
(Sb-N contributions)
A\ Vo V3 Vyq Vs
Te layer 90 cm™! 635cm™" 730 cm™
(A2/Ey) (Te-O contributions)
TeN layers 570 cm™ 450 cm™ 315cm™ 635cm™ 730 cm™

(Te-N contributions)

(Te-O contributions)

closest Te atoms in adjacent Te chains. In such configurations, the
N atom would maintain its lone pair, adopting its common tetrahe-
dral configuration. Besides, the presence of N atoms with their con-
figuration would affect the interatomic distances between the Te
chains (i.e., Te atoms shift from the ideal lattice position) would
lead to the modifications of the spatial arrangement of the Te
chains in the structure. This effect would result in the partially dis-
ordered character of the TeN layer’s structure, represented by slight
broadening of the c-Te peaks and the appearance of the a-Te band
in the Raman spectra.

The “ab initio” simulations of active vibrational modes of the
crystalline TeN, monoclinic structure further support our experi-
mental results from FTIR and Raman spectroscopy (Fig. 11). The
IR spectra show a good match between the simulated and experi-
mental results, presenting three main contributions in the band at
250-850cm™'. On the contrary, the Raman spectrum of
as-deposited TeN layer does not match with simulated TeN, struc-
ture. The vibrational modes of Te-N bonds recognized in the

simulated TeN, structure (at about 230, 560, and 630 cm™") are not
observed. This is likely due to very weak intensity of Te-N vibra-
tions with regard to the Te-Te vibrational modes in our spectra.
Indeed, the IR intensity of the broad band in the spectra reaches
the maximum absorbance value of less than 0.03 for the highest N
incorporation level used (Fig. 9) and the overall incorporated N
content is much lower than in the case of SbN or GeN, as shown
in Fig. 1.

E. Identification of nitrogen bonding in N-doped
GeSbTe alloys

Based on results presented in the previous sections, we further
investigate the N bonding in more complex chalcogenide alloys.
We studied two different material families recently considered for
their interest for phase-change memory device integration: Ge-rich
and Sb-rich GeSbTe alloys.'>”* Ge-rich and Sb-rich GeSbTe layers
(GGSTN and SGSTN) with low nitrogen content (<10 at. %) were

TABLE lll. List of the position values of the Raman spectra band contributions for Ge, Sb, and Te elemental and nitride systems.

Raman spectroscopy

Ge layer 100-300 cm™
(a-Ge modes)
GeN layers 100-300 cm™" 600-800 cm ™"
(a-Ge modes) (Ge-N contributions)
Sb layer 115cm™" 150 cm™!
(Eg) (Alg)
SbN layers 120cm™! 130cm™!
(Eg) (a-Sb contribution)
Te layer 122 cm™ 142cm™
(A1) (E2)
TeN layers 122cm™! 142cm™
(A1) (E2)

270 cm™
(second order scattering)
150 cm™* 170 cm™
(Arg) (SbN contribution)
150 cm™!

(a-Te contribution)
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deposited by co-sputtering of Ge,Sb,Tes and Ge or Sb targets,
respectively, under the same conditions as described in the experi-
mental part, using the N, flow of 2 SCCM. Based on our results on
GeN, SbN, and TeN layers, FTIR spectroscopy is the most suitable
technique for the analysis of N bonding in these alloys.

The IR spectra of Ge, Sb, Te, and GeSbTe alloys upon the N
incorporation (N, flow of 2 SCCM for all the compared layers) are
shown in Fig. 12. The direct comparison of the spectra highlights
the significant intensity difference and position shift of the bands
assigned to the Ge-N, Sb-N, and Te-N bonds of the related elemen-
tal nitride layers. For the GGSTN, the best match is found with
GeN alloy, in terms of position and shape of the observed features,
thus demonstrating strong preference of the Ge-N bond formation
in GGSTN alloys. The IR spectrum of SGSTN features two contri-
butions correlated with GeN and SbN, hence indicating the forma-
tion of both Ge-N and Sb-N bonds in the system. Despite the high
Sb content in SGSTN, the intensity ratio between the contributions
highlights the preferential formation of Ge-N bonds over Sb-N
bonds in the system.

The IR and Raman band contribution positions for all three
elemental (Ge, Sb, and Te) and nitride (GeN, SbN, and TeN)
systems are summarized in Tables II and III. Detailed analysis of
the spectra and their deconvolutions are shown in the supplemen-
tary material.

IV. CONCLUSIONS

This work presents the structural investigation of Ge, Sb, and
Te layers upon nitrogen incorporation. By varying the N, flow
during the deposition, we observe the difference in N content in
the alloys and we identify the main absorption features appearing
in IR and Raman spectra. Ge layers feature the highest N incorpo-
ration, leading to the formation of Ge-N bonds in the system. The
Ge-N bonds were identified owing to the IR-active vibrational
modes of GesN units. Sb and N present a similar bonding arrange-
ment due to their analogous valence and coordination, which facili-
tates the N incorporation into the Sb structure. It leads to the Sb
atom substitution, resulting in highly disordered (amorphous)
structure. We suggest that the observed IR bands result from the
vibration of Sb-N structural unit, similar to those identified in GeN
layers. The Te layers showed to be the least prone to N incorpora-
tion, as evidenced by WDXRF measurements and the intensity of
IR absorption features. The incorporated N atoms likely occupy the
interstitial positions in Te crystalline structure, breaking the weak
van der Waals bonds between the Te chains. It leads to a disorder
induced from the lack of long-range order and the formation of
Te-N bonds in the Te structure. The comparison of elemental
nitride layers with off-stoichiometric Ge-rich and Sb-rich GeSbTe
alloys upon nitrogen incorporation allows to identify the formation
of Ge-N bonds in Ge-rich alloy and the formation of Ge-N along
with Sb-N bonds in Sb-rich alloy. However, the strong preference
of Ge-N bond formation was confirmed in both these off-
stoichiometric ternary systems.

This study provides the analysis of the IR and Raman spectra
of GeN, SbN, and TeN binary systems and the active vibrational
modes resulting from N bonding, as identified with the help of
“ab initio” simulations. These studies give the base of the nitrides
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and N-doped alloys spectral analysis, which can be further com-
pleted by profound spectroscopic calculations and structure mode-
lizations. Nevertheless, the presented results already provide the
comprehensive analysis of the effects of nitrogen incorporation on
the structure of Ge, Sb, and Te elemental compounds and enhance
the understanding of the N doping effects on the structure of chal-
cogenide materials used in phase-change memory device
applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for the IR and Raman spectra
deconvolution along with the parameters of band contributions of
the presented GeN, SbN, and TeN systems.
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