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Abstract

Doping Chalcogenide Phase Change Materials was shown to improve the stability of the amor-

phous phase at high temperature and to strongly increase the crystallization temperature. In this

work, we use ab initio molecular dynamics together with Fourier Transform InfraRed (FTIR) spec-

troscopy to address the stabilization of GeTe doped with Nitrogen and Carbon in the amorphous

phase. The comparison between the simulation and experimental results allows in depth under-

standing of the mechanisms. The inclusion of C and N leads to an increase in high frequency

vibrational modes and to a lowering of the Boson peak intensity. The reduction of the density

of �oppy vibrational modes and the computed increase of the mechanical rigidity are responsible

for the higher activation energy for crystallization. The mechanism described here could apply

more generally to stabilize other Ge-Sb-Te phase change materials and iono-covalent glasses at high

temperature.
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Chalcogenide Phase Change Materials (PCMs) such as Ge-Sb-Te based alloys (GST) show

a unique ensemble of properties. They exhibit a reversible and extremely fast (ns) phase

change between an amorphous and a crystalline phase (a-phase and c-phase) that have quite

di�erent electronic properties [1]. The a-phase is characterized by a high resistivity and low

optical re�ectivity while the c-phase by a much lower resistivity and higher re�ectivity. From

the point of view of the atomic structure, these phase change materials appear somehow

paradoxical. Indeed, the fast recrystallization suggests that atomic rearrangements are of

little importance, but the strong properties contrast implies very di�erent structures. Many

experiments and simulations have helped understanding these properties especially regarding

the structure of the amorphous phase. Ab initio Molecular Dynamics (AIMD) simulations

[2�8] in agreement with various X-ray absorption and di�raction measurements [9�12] showed

that the structures of all amorphous GSTs, including GeTe, are rather similar from the point

of view of the atomic local order. Especially, Ge atoms have been shown to be either sp3

bonded in a tetrahedral environment or p-bonded, in a distorted octahedral environment,

the fraction of sp3-bonded Ge ranging typically below 30%.

The applications of PCMs for data storage have attracted much interest. Their optical

contrast has been used since long in DVDs while their resistive contrast makes them cur-

rently one of the most promising alternative technologies for non-volatile resistive memories

commonly called PCRAM (Phase Change Random Access Memories). However, to ful�ll

the challenges of PCRAMs technologies, it is necessary to improve some of the PCMs prop-

erties, mainly to reduce the drift phenomenon (time dependence of the amorphous state

resistivity) and to increase the retention time at higher operational temperatures for em-

bedded applications. These improvements imply a more stable amorphous phase, without

alteration of the unique properties that made the PCM �eld promising, such as their fast

switching ability, a low reset current for the transition from the crystalline to the amorphous

state in devices and a strong contrast in properties between the c- and a- phases. These

needs have triggered the search for new, improved compositions, extending away from the

usual Ge-Sb-Te (GST) ternary compounds. An alternative promising way to improve PCMs

is the inclusion of proper dopants at high concentration, such as C or N [13]. Many works

have been done on doped GST [14]. Here we focus on the e�ect of doping in GeTe. Indeed,

undoped GeTe has better retention properties than GST [15]. Moreover it has been shown

recently that doping GeTe with C or N leads to a major increase of the crystallization tem-
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perature Tx and to an improved data retention while allowing at the same time for a lower

reset current [15, 16]. Compared to pure GeTe with a Tx of about 180°C, the incorporation

of 10 at% N or C atoms (hyper-doping) increases Tx up to 264°C and 317°C respectively.

The magnitude of these e�ects and the fact that GeTe is a simpler binary alloy as compared

to GSTs, makes the doping of GeTe a case study to understand not only the origin of these

e�ects but more generally, how compositional changes relate with the stability of glasses.

As the phase change is associated to modi�cations of the local atomic arrangement, it

is �rst necessary to obtain structural information about the amorphous phase. In a recent

paper we described the structure of the C-doped GeTe a-phase [17]. It was shown that

carbon deeply modi�es the structure of the amorphous phase through long carbon chains

and tetrahedral and triangular units centered on carbon. In the simulations C atoms have

been found to be bound to both Ge and Te. In the case of N-doped GeTe, recent studies

have shown that N is predominantly bonded to Ge atoms in as-deposited amorphous �lms

[18, 19]. To our knowledge, no AIMD simulations have been performed on N-doped GeTe

so far. On the other hand, information about the dynamics of the amorphous is essential to

get insight on its stability, as it has been shown in the general case of glasses [20�22].

In this article, we present a combined theoretical (AIMD) and experimental (Fourier-

Transformed InfraRed, FTIR, spectroscopy) study of the vibrational properties of C and N

doped GeTe. Strong evolutions are observed that allow us to understand the origin of the

stability induced by doping, which is shown to be related to the evolution of the Boson peak

usually observed in other glasses.

Doped and undoped GeTe 150 nm thick �lms were deposited by magnetron sputtering in

an Ar atmosphere on 200 mm Si (100) wafers. N-doped samples were prepared by reactive

sputtering of a GeTe target using an Ar/N2 gas mixture. C-doped samples were prepared

by co-sputtering of GeTe and C targets. The compositions of the samples were varied by

changing the Ar/N2 ratio in case of N-doped samples and by changing the sputtering power

applied to the GeTe and C targets for the C-doped GeTe. The Ge and Te concentrations

in the �lms were measured by Rutherford Back Scattering (RBS) and the N and C dopant

concentrations by Nuclear Reaction Analysis (NRA). Four di�erent C and N dopant con-

centrations of 5, 10, 15 and 20 at% with an accuracy of ±1 at% were deposited. A pure

GeTe thin layer has also been deposited as a non-doped reference sample. In all the studied

samples, there is a small excess of Ge (corresponding to a Ge/Te ratio 52/48). The thick-
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nesses of the deposited layers and the deposition homogeneity on the 200 mm Si substrates

are controlled by X-Ray Re�ectivity (XRR). The re�ectivity measurements were carried out

by monitoring the re�ectivity of the PCMs samples under Ar atmosphere with a laser probe

at 632 nm as a function of the temperature applied to the samples by a heating chuck with

a controlled heating rate of 10°C/min. The amorphous phase is characterized by a lower

re�ectivity than the crystalline phase. Thus the phase transformation is characterized by a

signi�cant increase of the measured re�ectivity value as shown in Fig. 1. We can also de-

�ne the crystallization temperature Tx as the point of maximum derivative of the measured

re�ectivity curve.

Figure 1: Re�ectivity curves for C- (left panel) and N- (right panel) doped GeTe measured upon

heating at a rate of 10°C/minute. These curves show the optical contrast observed upon crystal-

lization, as well as the increase of the crystallization temperature upon doping.

FTIR absorbance spectra of the samples were collected in transmission mode using BIO-

RAD QS500 and Bruker VERTEX 80V FTIR spectrometers in order to cover the range from

100 to 4000 cm-1. Prior to deposition the absorbance spectra of the silicon wafers have been

measured. These blank spectra have been subtracted from the samples spectra in order to

remove the contribution of Si phonons modes and that of dissolved element such as O in

silicon wafers. All spectra were recorded with a resolution of 2 cm-1 and averaged over 64

scans for the 400-4000 cm-1 range (High Frequency range), and at 4 cm-1 on 32 scans for the

100 to 400 cm-1 range (Low Frequency range).

The GeTe, C and N-doped GeTe structural models were generated using Ab Initio Molec-

ular Dynamics. The details of the GeTe and C-doped GeTe with 16 at% C structures are
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given in Ref. [17]. The 10 at% N doped model was generated in the same manner with a

21 N, 97 Ge, 92 Te atoms system to match the experimental Ge/Te atomic ratio (52/48).

The electronic properties were computed within density functional theory (DFT) using PAW

potentials and the PBE-GGA exchange correlation. The wavefunctions were expanded on

a planewaves basis up to a 325 eV cuto� energy. Constant volume molecular dynamics

together with a Nose thermostat was then used to simulate the liquid structure at 3000 K

for 10 ps at the GeTe liquid density. The system was then equilibrated at 1000 K for 10

ps, with a progressive change in cell size to ensure a negligible stress and then cooled down

to ambient temperature with a 5 K/ps ramp, the cell size being reoptimized every 20 ps .

The �nal models were then simulated for 40 ps at 200 K without thermostat. The dynami-

cal properties were computed using the NMoldyn code [23], the vibrational density of states

(VDoS) being computed by Fourier transforming the van Hove autocorrelation function with

a 0.3 THz resolution.

The FTIR absorbance spectra of undoped and C and N-doped GeTe samples are plotted

in Fig.2 and Fig.3. Let us �rst discuss the high frequency range above 12 THz (400 cm-1).

In this range the pure GeTe sample has no absorption at all whereas a strong absorption

peak is present around 18.6 THz in C-doped samples (slightly bimodal shape) and 21 THz

in N-doped samples. These new peaks, absent in GeTe, grow with increasing dopant con-

centration. Similar new vibrational modes are observed in the calculated VDoS of C- and

N-doped GeTe in the 12 to 24 THz frequency range (see Fig.3). In N-doped GeTe no modes

are detected above 24 THz neither in the absorbance spectra nor in the calculated VDoS. In

C-doped GeTe a high frequency contribution to the FTIR absorbance spectra is observed at

54 THz. Its amplitude increases with the C content. A broad contribution is also detected

around 42 THz but only in the samples with the highest C content. Modes with frequencies

larger than 24 THz are also present in the VDoS of the C-doped GeTe model, and are as-

sociated to C-C bonds, as we will show hereafter. In summary, the simulations reproduces

well the experiment trends, given that a direct comparison of the amplitudes is meaningless

(the simulation yields the VDoS while the FTIR absorbance depends on the nature of the

vibration mode).

In the low frequency range (from 3 THz to 12 THz, see Fig.2) clear trends in the FTIR

spectra are also observed upon both C and N doping. The peak at 4.5 Thz is gradually

disappearing in favor of a higher frequency shoulder, above 7.5 Thz. The comparison with
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Figure 2: Experimental low frequency FTIR absorbance spectra of as-deposited undoped, C-doped

and N-doped GeTe thin �lms (upper panels). The corresponding calculated vibrational densities of

states (VDoS) are plotted on the lower panels. The VDoS of undoped GeTe is null above 8 THz .

the calculated VDoS shows a similar decrease of the 4.5 THz peak with the additional

information gathered from the species-projected VDoS that it comes from a decrease of Ge

and Te associated vibrations, the ratio of the Ge and Te contributions, roughly equal to

2, to this peak being insensitive to doping (Fig.4). The shoulder detected in the 6-12 THz

range in FTIR spectra in the doped samples comes from the dopant themselves, as can be

seen in Fig.5, since the maximum frequency of both the Te- and Ge-projected VDoS are the

same (around 8 THz) in doped and undoped GeTe (Fig. 4). The main contributions to that

shoulder arise from C-C bonds in C-doped GeTe and from 3-fold bonded nitrogen atoms in

N-doped GeTe.

The details of the dopant site-projected VDoS are presented in Fig.5 and Fig.6. It can

be seen that the new modes that are created between 12 Thz and 24 Thz are essentially

due to C-Ge and C-Te bonds for C-doped GeTe and to N-Ge only in N-doped GeTe, as

expected from C and N small masses. As shown in [17], C-Ge and C-Te bonds are numerous

in C-doped GeTe, though the GeTe skeleton of the structure remains similar to the undoped

compound. It should be noticed that during the simulated annealing procedure, the initial
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Figure 3: Experimental high frequency FTIR absorbance spectra of as-deposited undoped, C-doped

and N-doped GeTe thin �lms (upper panels, di�erent scales are used for the left and right panels).

The FTIR spectrum of undoped GeTe is null in the high frequency range. The corresponding

calculated vibrational densities of states (VDoS) are plotted on the lower panels.

con�guration was taken from a liquid sample equilibrated at very high temperature (3000

K), so that any kind of possible bond was present in the structure, including N-Te bonds.

However, due to the low N concentration, no N2 molecule was present. It is thus remarkable

upon annealing, all N-Te bonds have been disrupted, and statistically unlikely N2 molecules

have formed (involving 4 N atoms out of a total of 21). The other N atoms are either

bound to 3 Ge atoms in a pyramidal geometry or tetrahedrally to 4 Ge atoms, with similar

proportions. The N2 molecular vibrations are observed around 70 THz, though rather poorly

sampled due to the relatively large time step used (3 fs). The duration of the simulation

also allows for identifying the N2 rotational modes around 2.5 Thz. Note that the presence

of N2 in N-doped amorphous GeTe �lms has been found by X-ray absorption experiments

in Ref. [19] but not in Ref.[18].

In the C doping case, the highest frequency modes are associated to C-C bonds in various

sp and sp2 environments. Due to the limited sampling of the con�gurations space and to the

variable sensitivity to vibration modes in FTIR spectroscopy, these high frequency modes

are spread between 24 and 70 Thz, while in the experiment (see Fig.3), they are limited to
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Figure 4: Total VDoS (normalized to unity) obtained from the AIMD trajectories (top panel).

The total VDoSes are decomposed onto the di�erent atomic species (lower panels): VDoS of GeTe,

C-doped GeTe with 16at% C and N-doped GeTe with 10at% N are plotted with plain black, plain

blue and dotted green lines, respectively.

two distinct frequency domains (around 42 and 54 Thz).

The simulation also indicates that the density of vibrational states strongly decreases in

the low frequency range (below 3 THz), inaccessible to the experiment, upon doping (see

Fig.7). The comparison with the VDoS of crystalline pure GeTe [24] reveals interesting

trends: upon amorphization of pure GeTe, we observe the same elastic softening of the

crystal acoustic modes that is usually observed in glasses [20], but also the hardening of the

highest crystal optical modes that has been measured in GST [25]. The inclusion of dopants

reinforces this vibrational hardening of the amorphous structure, but at the same time, due

to normalization of the number of modes, the creation of higher frequency modes further

depletes the density of modes at low frequency (0-3 Thz). This e�ect is stronger in C-doped
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Figure 5: Dopant site-projected vibrational densities of states for the AIMD simulated C-doped

GeTe with 16at% C. Contributions have been summed up according to the local environment of

the dopant atom (sketched on the graph). C, Ge and Te atoms are drawn in orange, red and

blue, respectively. The dotted vertical lines separate the regions accessible to the di�erent FTIR

spectrometers.

GeTe as both the Ge and Te species are bound to C atoms, thus having their vibrational

modes shifted to higher energy, while in N-doped GeTe only Ge centred vibrations are

directly a�ected.

In order to further relate the structural and dynamical changes upon doping of GeTe to

the enhanced stability of the amorphous phase at high temperature, we measured [26] the

activation energy for crystallization, Ea using the Kissinger method. Ea values are equal

to 2±0.1 eV for GeTe, 3.9±0.2 eV for N-doped GeTe with 10 at% N and 4.52±0.2eV for

C-doped GeTe with 16 at% C.

As the crystallization process involves breaking bonds to create new local environments,

it is sound to estimate how a local atomic environment is mechanically constrained by its

surroundings. To quantify this degree of stress inside the models, we used the Maxwell

constraints counting method described by Micoulaut et al. [27]. It consists of counting the

rigid angles and distances between an atom and its neighbors. This measure of the number

of e�ective constraints, nc, is obtained through the analysis of the standard deviation of the
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Figure 6: Dopant site-projected vibrational densities of states for the AIMD simulated N-doped

GeTe with 10at% N. N and Ge atoms are drawn in green and red, respectively. The arrows indicate

the curves corresponding to the di�erent kinds of atomic environments (molecular, pyramidal and

tetrahedral). The insert shows the contribution of N2 vibrations at high frequency.
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Figure 7: VDoS of amorphous GeTe, C-doped GeTe with 16 at% C and N-doped GeTe with 10

at% N, together with the computed crystalline GeTe phonon DoS (from Ref. [24]).

angles and neighbors distance distributions. The average value of constraints, nc, is given by

a sum over the di�erent types of local environments of each atomic species using the formula

nc =
∑

i,j cipij (BBij +BSij), ci being the concentration of species i, pij being the proportion

of type j local environment for species i, BBij and BSij being the corresponding number
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of bond bending and bond stretching mechanical constraints, respectively. We obtain nc

values of 4.6, 4.8 and 5.0 for GeTe, N-doped GeTe with 10 at% N and C-doped GeTe with

16 at% C (see Table I), respectively. These values correlate well with increasing Ea and Tx

, and indicate that the stressed rigid character of the GeTe glass is reinforced upon doping

with C and N, essentially because of the slight increase of the tetrahedral character of the

Ge atoms.

On the other hand, the fact that the system has to reorganize more bonds is not the only

relevant parameter to the crystallization process. The evolution of the VDoS peak below

3 THz is also linked to the stability of the glass. This peak corresponds to the so-called

Boson peak (BP) that is a characteristic of collective excitations in glasses. It was established

recently that this BP is related to the �rst van Hove singularity of the corresponding crystal's

TA modes (below 3-4 Thz in [20�22]). Indeed, for the GeTe crystal, the TA mode singularity

is found at 1.55THz [24], which appears as a shoulder on the crystal VDoS and corresponds

to the median frequency of the low frequency VDoS peak in the glass (Fig.7).

In the general case of glasses, it has been demonstrated that an increase in the BP height

is the manifestation of a lesser glass stability [28]. This is due to the fact that these low

frequency modes involve larger atomic root mean squared displacements [29]. On the other

hand, both theory [30] and experiment [31] have shown that the BP height is increasing with

the reduction of the number of mechanical constraints. Doping with C and N produces the

inverse e�ect on a-GeTe: they increase the number of constraints and decrease the density

of BP modes.

It thus appears that the stabilization of the GeTe glass upon doping occurs at two levels.

First, the light elements used as dopant create sti�er, stronger bonds. Second, the mechanical

constraints on the non dopant elements are increased upon doping (due to the slightly

higher coordination number). As discussed before, these e�ects are directly re�ected in

the decrease of the BP. A similar behavior of the boson peak and lowest frequency modes

has indeed been observed in silicate glasses [21] upon decreasing temperature, which gives

further con�rmation that the observed decrease in the lowest frequency VDoS upon doping is

related to a higher activation energy and thus to an improved stability at high temperature.

In summary, the inclusion of N and C dopant elements in GeTe has a double e�ect:

they create high frequency, localized modes, and at the same time decrease the density of

low frequency acoustic-like modes (because of C-Ge, C-Te and N-Ge coupling), therefore
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Compound:Species Z p BS BB Contribution to nc

Ge97Te92N21:Ge 4 0.43 2 5 1.38

3 0.57 1.5 3 1.18

Ge97Te92N21:Te 3 0.75 1.5 3 1.48

2 0.25 1 1 0.22

Ge97Te92N21:N 4 0.62 2 5 0.36

3 0.29 1.5 3 0.13

1 0.19 - - 0 (free molecules)

Ge92Te86C32:Ge 4 0.59 2 5 1.82

3 0.41 1.5 3 0.81

Ge92Te86C32:Te 3 0.88 1.5 3 1.62

2 0.12 1 1 0.1

Ge92Te86C32:C 4 0.16 2 5 0.17

3 0.53 1.5 3 0.36

2 0.31 1 1 0.09

Ge105Te105:Ge 4 0.21 2 5 0.73

3 0.79 1.5 3 1.78

Ge105Te105:Te 3 0.88 1.5 3 1.98

2 0.12 1 1 0.12

Table I: Details of the calculations of the average number of constraints nc for all the model struc-

tures obtained with AIMD (method described in Ref.[27]). Z = coordination number, p = fraction

of Z-fold coordinated atoms, BB = number of bond bending constraints, BS = number of bond

stretching constraints, and contribution of the speci�c environment to the compound nc value.

Distance cuto�s have been chosen equal to 2.93Å, 3.15Å, 2.43Å and 2.15Å for Ge, Te, N and C

atoms, respectively (distances obtained from the decomposition of the partial g(r)'s � see Ref.[27]).

The absolute values of BS+BB are dependent on the choice of these cuto� distances, however the

observed trends are robust (increasing number of constraints when going from GeTe to N-GeTe and

C-GeTe).
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improving the stability of the glass. This diminished Boson peak goes with an increased

mechanical rigidity which explains why these doped GeTe compounds have a higher recrys-

tallization temperature than the undoped ones. This result suggests that an e�cient way

to improve data retention in amorphous PCMs in general could be achieved by doping with

light elements that at the same time covalently link to the glass network and act as traps for

high frequency vibrational modes. This stabilization mechanism with light dopants appears

to be very general, and we expect that it could apply more generally to a vast range of

iono-covalent glasses.
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