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The evolutions of localized states, dielectric functions, and electronic band structure for nitrogen

(N) incorporated GeTe (NGT) as functions of temperature (210–660K) and N concentration

(0%–18%) have been investigated with the aid of temperature dependent spectroscopic ellipsometry

experiments. The increased Urbach absorption energy, caused by band-tail localized states, can

be attributed to the increment of structure defects with N concentration, which is generated from

the N atoms bonding with Ge. Besides, the details of the dynamic crystallization process and

the role of nitrogen in NGT films have been elucidated by the abnormal behavior of interband

transition energy and the evolutions of surface morphology, namely, the nitrides separation before

crystallization and the inhibition on GT crystallization. The dynamic crystallization process and

the nitrogen behavior in NGT are of great significance for further study on the reliability and

endurance of the NGT-based data storage devices. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4980851]

Tellurium-based phase change materials are one of the

most promising candidates for next-generation electronic

and optical data storage. The phase change is obtained

quickly and reversibly via a suitable sequence of Joule

heating and melt-quench.1–3 GeTe (GT) is of high techno-

logical interest being an end point of GeTe-Sb2Te3 (GST)

pseudobinary tie line. Phase change memory (PCM) based

on GT has been reported with larger resistance contrast,

higher crystallization temperature, and faster SET opera-

tion than those of GST.4,5 However, similar to the conven-

tional GST, GT also exhibits a low amorphous (AM) phase

stability and a high power consumption, which restrict its

development in PCM. One of the solutions to modify the per-

formances is via adding dopants into GT. It has been demon-

strated that nitrogen (N) doping can solve the problems

effectively.6,7

Previous researches indicated that nitrogen incorporated

GeTe (NGT) has higher crystallization temperature, superior

thermal stability, and better data retention ability, as com-

pared with pure GT.6–10 The crystal structure of NGT has

been examined by X-ray diffraction (XRD) and transmission

electron microscopy (TEM), which consists of amorphous

(AM) GeNx and rhombohedral (R) GeTe. However, for pre-

vious studies, the investigation on the crystal structure of

NGT was basically done by testing the samples after thermal

annealing, which can be obtained only from the final crystal-

line phase. The details of the dynamic crystallization process

and the role of nitrogen in NGT are ambiguous. In addition,

the modification of the band-tail localized states for GT by N

incorporation has not been well understood up to date. The

study of the properties mentioned above is significant for

further applications of NGT-based data storage devices for

its reliability and endurance.

To fill the gap of current studies, the evolutions of local-

ized states and electronic band structure for NGT have been

investigated with the aid of temperature dependent spectro-

scopic ellipsometry (SE) experiments. Besides, we elucidate

the dynamic crystallization process and the role of nitrogen

in NGT films, which can be concluded by analyzing the

interband transition and the change of the surface morphol-

ogy with increasing the temperature. Furthermore, the

dielectric functions and electronic transitions of NGT films

as functions of temperature and N concentration have been

discussed in detail.

Amorphous GT and NGT films (�65 nm) were depos-

ited on SiO2/Si (100) substrates by reactive sputtering of a

pure stoichiometric GT target using an N2/Ar gas mixture

with a background pressure of 2� 10–4 Pa at room tempera-

ture. The N2/Ar flow ratio was fixed at 0:100, 5:95, 10:90,

and 20:80 in order. The nitrogen compositions were esti-

mated to be around 0%, 8%, 12%, and 18% by X-ray photo-

emission spectroscopy (named GT, NGT8%, NGT12%, and

NGT18%, respectively). Note that the compositions remain

essentially unchanged after crystallization.11 The tempera-

ture dependent SE measurements were performed in the

photon energy range of 0.5–4.13 eV (300–2500 nm) at an

incident angle of 70� by a vertical variable-angle SE (J. A.

Woollam Co., Inc.). The samples were mounted into an

Instec cell with liquid nitrogen as cooling accessories and

argon as shielding gas. The temperature is varied from

210 to 660K with a precision of about 61K. The window

corrections were included as a part of the model during

the fitting analysis. The surface morphologies of GT and

NGT films at several typical temperatures were recorded

through the 50� light microscope during the heating process
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(210–660K). Note that the samples were placed in a THMSE

600 heating/cooling stage (Linkam Scientific Instruments)

with a fixed heating rate of 10K/min.

SE is well known as an effective technique to determine

the dielectric functions of various materials.12–14 In the pre-

sent work, a five-layered model (air/surface rough layer/

NGT/SiO2/Si) was used to extract the dielectric functions

½~eðEÞ ¼ e1ðEÞ þ ie2ðEÞ� of GT and NGT films with the

WVASE32 software package (J. A. Woollam Co., Inc.). The

dielectric functions for the AM phase were obtained by Tauc-

Lorentz (TL) and Cody-Lorentz (CL) dispersion models.

Both the models follow Kramers-Krönig transformation

(KKT). The imaginary part of dielectric functions for the TL

model can be written as:15 e2TLðEÞ ¼ AEnCðE�EgÞ2
ðE2�E2

nÞ2þC2E2

1
E, (E � Eg)

and e2TLðEÞ ¼ 0; ðE < EgÞ. The CL model can be written

as:14,16 e2CLðEÞ ¼ E1

E exp E�Et

Eu

� �
, 0 < E ð� E

0
g þ EtÞ and

e2CLðEÞ ¼ ðE�E
0
gÞ2

ðE�E0
gÞ2þE2

p

A0E
0
nC

0E
ðE2�E02

n Þ2þC02E2
; E > ðE0

g þ EtÞ. Here,

ðEt þ E
0
gÞ represents the demarcation energy between Urbach

tail transitions and band-to-band transitions. Eu corresponds

to the weak Urbach absorption energy. E1 is defined so that

e2CLðEÞ is continuous at E¼Et. Ep is a second transition

energy separating the absorption onset from the Lorentz

oscillator behavior. Note that E is the incident photon energy.

Besides, A, En, C, and Eg in the TL model, as well as

A0; E
0
n; C

0, and E
0
g in the CL model, represent the amplitude,

peak transition energy, broadening term, and Tauc gap energy

(optical bandgap energy) of the oscillator, respectively. One

Lorentz oscillator and the Drude-like term for free carriers

were added into the TL model to describe the crystalline

samples.17

It is generally known that the TL model is widely used

in amorphous semiconductors and also acceptable to

describe the optical properties of indirect crystalline semi-

conductors.12 However, the TL model ignores the weak

Urbach absorption and localized state. In order to investigate

the N incorporation effect on the band-tail localized state of

GT, we employed the CL model to describe the dielectric

functions in the absorption onset region.14 It should be noted

that it is not proper to employ the CL model in crystalline

materials. This is mainly due to the impossibility to model

the Urbach edge in the highly ordered crystalline phase con-

trary to the amorphous phase.14 Therefore, the CL model

was only employed in AM films. The fitting results of TL

and CL models are compared and discussed in detail. In

addition, to analyze the dynamic crystallization process, it is

necessary to compare the change of the same parameter

before and after crystallization. So the same model (TL) was

applied to evaluate the ellipsometric spectra for both amor-

phous and crystalline phases.

Figs. 1(a) and 1(b) show the comparison of the experi-

mental and calculated ellipsometric spectra (W and D) for

amorphous GT and NGT12% films at room temperature

(300K) obtained by TL and CL models described above.

Both the models agree well with the experimental data. The

insets depict a detailed view of D in the regions near and

below the optical bandgap energy. It is seen that for D, the
CL data match the experimental data in the absorption onset

regions better than TL data. Thus, it is reasonable to expect

that the CL model is more appropriate to describe the dielec-

tric functions of amorphous chalcogenide materials compared

with the TL model. For e2, there is a non-zero absorption

region below Eg, which corresponds to the localized states

above the valence band in density of states, namely, the

Urbach edge is governed by the valence band tail. These

localized states can be considered as the result of “wrong”

covalently bound atoms in amorphous chalcogenides, i.e., the

so called valence alternation pairs VAPs.18 The comparison

of dielectric functions for GT and NGT calculated according

to TL and CL models is shown in Fig. 1(c). The valence band

of GT is dominated by Ge and Te p states, and minor contri-

butions from the Ge s state. The peaks of e2 around 3 eV cor-

respond to the strong optical absorption mainly associated

with electronic transition from the Te and Ge p state.19 The

intensity trend of fitting results for the two models is in agree-

ment, that is, the strength of e2 decreases with increasing N

concentration.

The calculated parameters of TL and CL models are

listed in Table I. It can be concluded that optical bandgap

energy obtained from both TL and CL models for AM films

at 300K increases from 0.69 to 0.85 eV with the N concen-

tration increasing to 18%. Besides, the bandgap energy for

crystalline films obtained by the TL model elevated from

0.41 to 0.59 eV with increasing N concentration. The result

is consistent with previous studies.8,20 The broadening of the

bandgap is significant to reducing the threshold current for a

PCM.21 A crucial important parameter is Eu, which is related

to the weak Urbach absorption caused by transitions between

band-tail states of one band. The increment of Eu (85.3 to

132meV) is caused by the augmentation of band-tail local-

ized states with increasing N concentration. It can be attrib-

uted to the increment of structure defects like dangling

bonds derived from tellurium, which is generated from the N

atoms bonding with Ge atoms. Therefore, the density of the

VAPs increases, which will inevitably play the role in band-

tail absorption.22

FIG. 1. Comparison of experimental (dots) and calculated (solid line for TL

and dashed line for CL) ellipsometric spectra of W and D for amorphous (a)

GT and (b) NGT12% films. Note that the insets approach the D in the

absorption onset region. (c) Comparison of the dielectric functions for amor-

phous GT and NGT films with different N concentrations obtained by TL

and CL models.
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The imaginary part e2 of the films at several typical

temperatures is shown in Fig. 2. When the temperature

reached a certain value, namely, the crystallization tempera-

ture (Tc), the main peaks corresponding to the high-energy

electron transition show a remarkable narrowing, redshift,

and intensity enhancement for all four samples. The transi-

tion corresponds to the structure change from amorphous to

crystalline (AM-R). Moreover, an obvious enhancement of

the Drude peak in the low energy region can be observed

after crystallization. The significant difference of dielectric

functions between amorphous and crystalline phases can be

attributed to the increased degree of order in the crystalline

phase.12,13,17 The crystallization temperatures can be esti-

mated to be 475, 505, 535, and 565K for GT, NGT8%,

NGT12%, and NGT18%, respectively. The elevated temper-

ature with increasing N concentration can be ascribed to the

existence of nitrides (GeNx) in NGT films. It indicates that

the existence of nitrides inhibits the structural evolution for

the nucleation process and improves the thermal stability of

the chalcogenide-based phase change materials, which is in

accordance with previous studies.7–10,20 After N incorpora-

tion, interfaces will form between GeTe and GeNx, which

can produce inhomogeneous nucleation sites and increase

the nucleation rate.20,23 Furthermore, the intensities of e2 for
NGT8%, NGT12%, and NGT18% films in the crystalline

phase reduce to about three quarters, one half, and one third

of that for crystalline GT, respectively. The strength weaken-

ing degree is improved by increasing the N concentration. So

it can be concluded that with the increasing N concentration,

the strength of e2 decreases in both amorphous [Fig. 1(c)] and

crystalline (Fig. 2) phases. This phenomenon should be attrib-

uted to the increased degree of disorder in NGT films. Note

that the amplitude of e2 keeps on increasing when the temper-

ature is higher than Tc, which can be due to the slightly con-

tinuous crystallization with increasing temperature.

To clarify the dynamic crystallization process and N

incorporation effects of GT, the thermal evolutions of inter-

band electronic transition energy (En) for GT and NGT are

plotted in Fig. 3. The evolutions of En can be divided into

FIG. 2. Evolutions of the imaginary

part (e2) for (a) GT, (b) NGT8%, (c)

NGT12%, and (d) NGT18%films at sev-

eral typical temperatures, respectively.

TABLE I. Dielectric function parameters of the TL and CL models for GT

and NGT films are determined from the simulation of ellipsometric spectra.

Note that ds (d
0
s) and df (d

0
f ) are the thickness of surface rough layers and

films, respectively. The 95% reliability of the fitting parameters is given

with (6).

Samples GT NGT8% NGT12% NGT18%

TL ds (nm) 5.976 0.05 7.436 0.04 6.116 0.05 11.46 0.09

df (nm) 63.46 0.07 66.16 0.06 64.76 0.08 62.86 0.15

A (eV) 114 6 0.78 108 6 0.69 1016 0.64 87.36 0.81

C (eV) 4.716 0.03 4.676 0.03 4.386 0.02 3.866 0.03

En (eV) 3.406 0.01 3.476 0.008 3.266 0.007 3.116 0.007

Eg (eV) 0.696 0.002 0.746 0.002 0.796 0.002 0.856 0.003

CL d
0
s (nm) 4.136 0.10 6.216 0.09 5.016 0.10 10.16 0.05

d
0
f (nm) 63.26 0.12 66.86 0.12 65.76 0.13 64.06 0.10

A0 (eV) 55.46 0.68 57.66 0.78 52.06 0.70 42.46 0.66

C0 (eV) 4.056 0.04 4.496 0.05 4.326 0.05 3.916 0.05

E
0
n (eV) 3.296 0.01 3.406 0.01 3.296 0.01 3.176 0.01

E
0
g (eV) 0.696 0.005 0.746 0.004 0.796 0.004 0.856 0.004

Ep (eV) 0.476 0.01 0.586 0.01 0.616 0.01 0.616 0.01

Et (eV) 0.226 0.07 0.246 0.06 0.256 0.03 0.266 0.04

Eu (meV) 85.36 2.66 92.26 3.53 1016 3.02 1326 4.40
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four parts, i.e., Part I to Part IV. For Part I, the values of En

are around 3.2 eV, and the values for Part IV are below 2 eV.

The parameter En rapidly decreases through the narrow

regions for Part III. Therefore, based on the preamble rele-

vant discussion, Part I, III, and IV correspond to the amor-

phous structure, phase change regions, and crystalline phase

of the samples, respectively. A similar evolutionary process

of interband electronic transition energies for GT compared

with NGT can be observed expect for Part II, which is an

additional part for NGT films. The En for Part II in NGT

films shows an ascending tendency, which appears before

the phase change regions. The abnormal behavior can be

attributed to the AM-GeNx separation before crystallization,

which has been proposed in previous studies.20 Note that

part of the incorporated N atoms already form nitrides GeNx

in the pristine film and the amount of nitrides increases con-

stantly until they are separated from the compounds with the

elevated temperature.24 The AM-GeNx precipitates to the

grain boundaries hindering the crystallization process.6,20,25,26

Therefore, it can be concluded that the separation of nitrides

GeNx is before GT crystallization instead of occurring during

the phase change process for NGT films.

The dynamic crystallization process and the behavior of

N also can be distinguished visually and real-timely by the

evolution of surface morphology with increasing tempera-

ture. The surface morphologies for different crystalline

natures of GT and NGT12% films were recorded through a

50� light microscope. Figs. 4(a)–4(c) and 4(d)–4(f) display

the surface morphologies of GT at 300, 475, and 550K, as

well as those of NGT12% at 300, 530, and 600K during the

heating process. Figs. 4(a) and 4(d) are smooth surfaces for

amorphous GT and NGT12%, which correspond to Part I in

Figs. 3(a) and 3(c), respectively. For GT, as the temperature

rises to about 470K, the sample surface changes signifi-

cantly, which corresponds to the beginning of crystallization.

The surface morphology of GT at 475K is shown in Fig. 4(b),

which is an image during the phase changing process [Part

III in Fig. 3(a)]. With further heating up, the GT film com-

pletes the crystallization basically at about 480K. The sur-

face morphology of GT at 550K is shown in Fig. 4(c), which

is an image of the crystalline phase [Part IV in Fig. 3(a)].

Similarly, for NGT12%, as the temperature rises to around

490K, the black spots start to appear on the smooth surface,

which cannot be found in GT. With further increasing tem-

perature, the black spots constantly increase and enlarge,

which corresponds to the separation of AM-GeNx before crys-

tallization in NGT films. At 530K, small crystalline regions

begin to emerge. The surface morphology of NGT12% at

530K is shown in Fig. 4(e), which corresponds to the initial

stage of crystallization [Part II in Fig. 3(c)]. With further

heating up, the crystallization completed for NGT12% at

about 540K. The surface morphology of NGT12% at 600K

is presented in Fig. 4(f), which is an image of crystalline

NGT [Part IV in Fig. 3(c)]. The surface morphology evolu-

tion is in accordance with the change of interband electronic

transition energies discussed in Fig. 3. Therefore, it is good

information for the researches that the ellipsometry can be

regarded as a new method to study the dynamic phase trans-

formation process and the impurity behaviour for the phase

change materials.

In summary, the modification of band-tail localized

states and electronic band structure for GT by N incorpora-

tion has been studied by temperature dependent spectro-

scopic ellipsometry experiments. Furthermore, the details

of the dynamic crystallization process and the role of nitro-

gen in NGT films have been elucidated, namely, the nitrides

(AM-GeNx) separation before crystallization and the inhibi-

tion on GT crystallization. This phenomenon can be con-

cluded by the abnormal behavior of interband transition

energy and the evolutions of surface morphology. The

dynamic phase change process and the behavior of nitrogen

FIG. 3. Peak transition energy (En) evolutions of GT and NGT films with

different N concentrations as a function of temperature.

FIG. 4. Surface morphologies of GT and NGT12% films. (a)–(c) are images

for GT at 300, 475, and 550K corresponding to the amorphous structure,

phase changing process, and crystalline phase, respectively. (d)–(f) are

images for the NGT12% film at 300, 530, and 600K corresponding to the

amorphous structure, initial stage of crystallization, and crystalline phase,

respectively. Note that several small crystalline regions are circled by dotted

lines as examples.
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in NGT are significant for further study on the reliability

and endurance of the NGT-based data storage devices.
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