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We have measured high-resolution x-ray photoelectron spectra of GexAsySe1-x-y glasses with a

mean coordination number (MCN) from 2.2 to 2.78. The valence band spectra showed that a

number of Se–Se–Se trimers can be found in Se-rich samples, whilst multiband features induced

by phase separation can be observed in extremely Se-poor samples. When the Ge, As, and Se 3d
spectra were decomposed into several doublets, which correspond, respectively, to different

chemical environments, the perfect AsSe3/2 pyramidal and GeSe4/2 tetrahedral structures in

Se-rich samples gradually evolved into defect structures, including As–As and Ge–Ge homopolar

bonds, with increasing Ge and As concentrations. Two transition-like features were found at

MCN¼ 2.5 and 2.64–2.72 that correspond first to the disappearance of Se-chains in the glass

network and, subsequently, destruction of the perfect GeSe4/2 tetrahedral structures, respectively.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867397]

I. INTRODUCTION

Chalcogenide glasses have been intensively studied

because of their importance in optical waveguide devices.1,2

Various models such as rigid percolation, topological phase

transition, and chemical bonding effects have been devel-

oped to explain the change of physical properties with com-

position in these glasses.3–6 On the basis of the topological

models,7 the physical properties of these glasses are predom-

inately determined by the MCN (defined as a sum of the re-

spective elemental concentrations times their covalent

coordination number), rather than the actual chemical com-

position. For Ge–As–Se chalcogenide glasses with covalent

coordination numbers of 4, 3, and 2, respectively, the local

structure of the Ge–As–Se glasses changes from rings and

chains of Se to quasi-two-dimensional structure and to three

dimensionally rigid network with increasing Ge and As con-

centrations.8 A simple count of the bond length and angle

constraints on the total number of degrees of freedom to

three-dimensionally connected atoms shows that the glass

network undergoes a rigid percolation type transition at

MCN¼ 2.4.7 This has been verified by detailed studies of

the compositional dependence of the elastic, thermodynamic,

transport, and electronic properties in chalcogenide glasses.6

On the other hand, another transition is also reported at

MCN¼ 2.67, which is speculated to be a manifestation of a

topological phase transition in the chalcogenide glass

network.4

Recently, using Raman scattering spectroscopy and

temperature-modulated differential scanning calorimeter,

Boolchand et al. found a rigid but stress-free intermediate

phase in which the glasses generally exhibit non-aging

behavior.8–10 This makes the glasses very interesting for

photonics applications, since structural relaxation observed

in most amorphous materials is detrimental to the stability of

all photonic devices.11 For Ge–As–Se glasses containing the

same concentration of Ge and As, the intermediate phase

was found for glasses with a MCN from 2.28 to 2.39.10 On

the other hand, we recently investigated the compositional

(and thus MCN) dependence of the vibrational modes and

elastic moduli in Ge–As–Se bulk glasses and found two

transition-like features at MCN¼ 2.5 and 2.7,12,13 which,

however, are different from those transition thresholds in

Ref. 10. We ascribed the former one to the extinction of Se-

chain structures and the latter one to the appearance of the

defects modes of ethane-like Ge2Se6/2.12 These defects

modes were thought to play an important role in inducing

large optical loss in the glasses with high MCN.13–15

Two issues have thus arisen: What is the correlation

between the intermediate phase and two transition-like fea-

tures observed in our Raman scattering experiments? And

how do the chemical bonds evolve near these transition

thresholds? A systematic investigation of the bonding envi-

ronment and chemical order in chalcogenide glasses over a

wide compositional range is essential to elucidate these

issues. We therefore measured valence band (VB) and 3d

spectra of Ge, As, and Se in GexAsySe1-x-y glasses using

high resolution x-ray photoelectron spectroscopy (XPS).

After decomposing the 3d spectra into several doublets, we

report here the results of the evolution of the local coordina-

tion environments.

II. EXPERIMENTS

Chalcogenide glasses were typically prepared from 50

gram batches of high purity (5N) Germanium, Arsenic, and
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Selenium elements. The required amounts of these raw mate-

rials were weighed inside a dry nitrogen glove box and

loaded into a pre-cleaned quartz ampoule. The loaded am-

poule was dried under vacuum (10�6 Torr) at 110 �C for 4 h

to ensure removal of surface moisture from the raw materi-

als. The ampoule was then sealed under vacuum using an

oxygen hydrogen torch and introduced into a rocking furnace

to melt the contents at 900 �C. The melt was homogenized

for a period of not less than 30 h, then the ampoule was

removed from the rocking furnace and air quenched. The

resulting glass boule was subsequently annealed at a temper-

ature 30 �C below the glass transition temperature Tg, then

slowly cooled to room temperature.

In order to understand the evolution of the chemical

bond as a function of the composition, we chose 10 samples:

Ge5As10Se85 (MCN¼ 2.2), Ge5As20Se75 (2.3), Ge5As30Se65

(2.4), Ge11.5As24Se64.5 (2.47), Ge12.5As25Se64.5 (2.5), Ge15

Se25Se60 (2.55), Ge18As23Se59 (2.59), Ge15As34Se51 (2.64),

Ge24As24Se52 (2.72), and Ge33As12Se55 (2.78). These sam-

ples cover all the glass-forming regions including floppy, in-

termediate, stressed-rigid phase, and nanoscale phase

separation regions.

XPS valence-band and core-level photoelectron spectra

were recorded with a Scienta ESCA-300 spectrometer using

monochromatic Al Ka x-rays (1486.6 eV) that was focused

on a spot with a size �3–4 mm long and �250 lm wide. To

eliminate ambiguities that might be introduced into the spec-

tra as a result of surface reactions with oxygen or other sur-

face contaminations, the glass samples were fractured inside

the analysis chamber at pressures typically �10�8 millibar

or less to get fresh surface for XPS experiments. For all the

measurements, the angle between the surface and the detec-

tor was 90�.
An energy step of 0.05 eV was used to record core-level

spectra. The core-level peaks were recorded by sweeping the

retarding field and using the constant pass energy of 150 eV,

whereas for the valence-band spectra we used 300 eV pass

energy. The surface charging from photoelectron emission

was neutralized using a low-energy (<10 eV) electron flood

gun.

The adsorbed hydrocarbon was used as the internal ref-

erence, and the binding energies of C 1s line was referenced

at 285.0 eV. Although an uncertainty could be induced by

the overlap of this internal reference peak with the energy of

Auger electrons, we emphasized here that the relative change

of the spectra rather than the accurate values of the binding

energy as a function of chemical compositions is a key issue

in this paper. Data analysis was conducted with an XPS peak

4.1 software package. Each 3d spectrum was decomposed

into the doublets by removing the Shirley baseline. The dou-

blet separation was fixed, and then the spectra were fitted

with as few peaks as possible until the v2 value, which meas-

ures the goodness of the fit, reached a minimum.

III. RESULTS AND DISCUSSION

The VB spectra of these bulk glasses are shown in Fig. 1.

One broad band below 7.5 eV is related to the bonding and

anti-bonding p-bands, and another at 7.5–15 eV corresponds

to the lone pair bonding s-band.16–19 For the p-band spectra,

the peak at 2.5 eV comes from the 4p lone pair electrons of

Se. Another peak at 5.5 eV comes from 4p bonding states of

Se and is clearly visible in Se-rich samples but gradually

smears out in Se-poor samples, due to the increasing contri-

bution from the Ge 4p state valley at 4 eV. Compared with

the VB spectra of elemental selenium, the presence of this

valley indicates the existence of Se-rich microunits in the

samples.18 This is consistent with previous XPS results where

considerable numbers of Se–Se homopolar bonds were found

to exist in chalcogen-rich As–S–Se compositions.18 With

increasing Ge and As concentrations, the free Se will be con-

sumed, leading to the disappearance of the valley. Moreover,

there is a peak at 4 eV accompanying with a shoulder at

5.5 eV in Ge33As12Se55 that we have not observed in our pre-

vious investigation using low resolution XPS.19 Since this

composition is located at the nano-scale phase separated

region,9 it is reasonable to conclude that such a multiband

feature is due to phase separation.

For the s-band spectra, it is expected that as the chemi-

cal bonds are formed among the three elements, strong repul-

sion between Se and Ge/As induces splitting of s-band,20

downshifting the Ge/As s-state peak from 9.3 to 8.3 eV and

upshifting the Se s-state from 13.8 to 14.6 eV. The increasing

splitting of the Ge/As and Se s-states with increasing Ge con-

centration suggests that Se-rich microunits in low Ge-

concentration samples are broken and then rebonded with

Ge/As. This enhances the repulsion leading to an increase in

the splitting between these two peaks, as shown in Fig. 1.

We further decomposed Ge, As, and Se 3d spectra into

different structural units. The peak position and the percent-

age of the integrated area of each doublet to the whole area

were listed in Table I. On the basis of the previous results,5,21

the coordination numbers of Ge, As, and Se are found to be

4, 3, and 2, respectively. The number of over- and under-

coordination atoms is very few. We therefore neglected the

difference of Ge and As in electronegativity and decomposed

Se 3d spectra into three different nearest-neighbour configu-

rations which correspond to Se–Se–Se, Ge(As)–Se–Se, and

Ge(As)–Se–Ge(As) in sequence with decreasing binding

energy, as shown in Fig. 2.

FIG. 1. The valence band spectra of GexAsySe1-x-y glasses. The solid lines

with the arrows labeling the peaks are for clarification.

083518-2 Xu et al. J. Appl. Phys. 115, 083518 (2014)
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Let us start from a group of samples including

Ge5As10Se85, Ge5As20Se75, and Ge5As30Se65. From their

nominal composition, all these three samples are Se-rich if

the structural coordinations of Ge, As, and Se are preserved

at 4, 3, and 2, respectively. In Ge5As10Se85, the spectrum has

two high binding energy doublets that can be ascribed to

Se–Se–Se trimmers and Se–Se–Ge(As) structure, respec-

tively. With increasing As concentration, the integrated areas

of the two doublets decrease rapidly and disappears in

Ge5As30Se65 glasses while that at low binding energy corre-

sponding to Ge(As)–Se–Ge(As) structure increases.

Moreover, Se 3d spectra of the samples containing high con-

centrations of Ge and As were dominated by

Ge(As)–Se–Ge(As) structures.

In relation to Ge and As 3d spectra, generally, there are

four types of Ge nearest-neighbour configurations, that is,

Ge bonded to 4Se, 3Se, and 1Ge (or As), 2Se and 2Ge (or

As), and 1Se and 3Ge (or As). Again we neglect the differ-

ence of the electronegativity between Ge and As. Based on

first principles molecular dynamics simulations,22,23 it is

highly unlikely for a Ge to bond with four other Ge atoms.

To simplify, we decomposed all Ge 3d spectra into two

structural units, perfect Ge–Se4/2 pyramidals and

Ge–Ge-containing units. On the other hand, As has three

different nearest-neighbour configurations, that is, As

bonded to 3Se, 2Se and 1As, and 1Se and 2As. We therefore

decomposed each Ge/As 3d spectrum into two/three dou-

blets by fixing the d-orbital separation at 0.6 and 0.69 eV,

respectively, for Ge and As. Similar to the Se 3d spectra,

when the high energy side of the 3d spectra corresponds to

the Se-rich bonding structure, the low energy wing is Ge or

As-rich.

Ge and As 3d spectra are shown in Figs. 3(a) and 3(b),

respectively. In Se-rich samples, the spectra are dominated

by AsSe3/2 pyramidal and GeSe4/2 tetrahedral structure. With

increasing Ge or As concentration, the 2Se–As–As structural

units appear in Ge5As30Se65, with a MCN of 2.4, while

Ge–Ge-containing structural units only appear in

Ge15As34Se51 with a MCN of 2.64. A further increase in Ge

and As concentrations leads to the disappearance of perfectFIG. 2. The Se 3d spectra of GexAsySe1-x-y glasses and their decompositions.

TABLE I. The parameters (3d5/2 components) of Se, As, and Ge 3d spectra, the ratio obtained experimentally by XPS as partial area under corresponding fitted

peaks.

Position (eV)

Content (at. %)

Composition Se–Se–Se Se–Se–As(Ge) As(Ge)–Se–As (Ge) AsSe3/2 Se¼As–As Se–As¼As GeSe4/2 Ge–Ge-containing MCN

Ge5As10Se85 56.0 55.6 55.3 43.3 31.7 2.20

35 34 31 100 100

Ge5As20Se75 55.9 55.6 55.3 43.3 – – 31.7 – 2.30

16 34 50 100 100

Ge5As30Se65 – 55.6 55.2 43.4 43.1 – 31.7 – 2.40

16 84 84 16 100

Ge11.5As24Se64.5 – 55.6 55.1 43.3 – – 31.6 – 2.47

12 88 100 100

Ge12.5As25Se62.5 – 55.5 55.0 43.3 43.0 – 31.6 – 2.50

13 87 65 35 100

Ge15As25Se60 – – 55.1 43.3 43.0 – 31.6 – 2.55

100 31 69 100

Ge18As23Se59 – – 55.1 43.3 43.0 – 31.6 – 2.59

100 28 72 100

Ge15As34Se51 – – 54.9 – 42.8 42.2 31.6 31.3 2.64

100 63 37 79 21

Ge24As24Se52 – – 55.1 – 42.9 42.4 31.6 31.3 2.72

100 51 49 59 41

Ge33As12Se55 – – 55.1 – 42.8 42.4 31.7 31.3 2.78

100 58 42 47 53
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AsSe3/2 pyramidal structure, and defect bonds begin to domi-

nate the spectra. However, GeSe4/2 tetrahedral structure still

exists, indicating that there is a competition between Ge and

As to react with Se while Se concentration becomes poor,

and Se will preferentially react with Ge since the difference

of electronegativity between Se and Ge is larger than that

between As and Se.

The relative ratio of the integrated areas of each doublet

in the Ge, As, and Se 3d spectra in Table I shows that Se-

chain can be completely suppressed at MCN¼ 2.5. This can

be understood since the composition at MCN¼ 2.5 corre-

spond to one nominally chemically stoichiometric glass. All

compositions below MCN¼ 2.5 are Se-rich while those

above MCN¼ 2.5 are Se-poor in the paper. An exception is

a slight increase of Se–Se–As(Ge) structure in MCN¼ 2.50

where the sample is chemically stoichiometric. Previous

XPS investigations in As–S–Se glasses indicated that chalco-

gen–chalcogen bonds appear in chalcogen-rich compositions

such that Se has a bigger tendency to stay in the chain.18

This abnormal increase of Se-chain structure in MCN¼ 2.5

is unclear, but definitely not due to the inhomogeneous dis-

tribution of the starting elements in the glasses since energy

dispersive x-ray elemental analysis confirms that all our sam-

ples are identical. We note that in Table I, with increasing

MCN (and thus Ge and As concentrations), the perfect

AsSe3/2 pyramidal and GeSe4/2 tetrahedral structure becomes

gradually defective, and As–As¼Se appears first, and

As¼As–Se structure can only overtake As–As–2Se in

extremely Se-poor glasses.

We plotted the relative ratio of homopolar Ge–Ge and

As–As bonds as a function of MCN in Fig. 4. Note that the

Ge continues to form heteropolar bonds even when As has

started forming homopolar bonds. In another word, when

there is a competition between As and Ge to bond with Se,

Ge wins. Increasing number of As–As bonds at MCN around

2.5 could be considered as a transition threshold which corre-

sponds to the disappearance of Se-chains in the glass net-

work. On the other hand, the formation of Ge-related

defective structure at MCN¼ 2.64 could correspond to the

so-called Tanaka’s transition at MCN¼ 2.67, which can be

ascribed to a stressed-rigid transition in the glass network.4

However, 16% of 2Se–As–As structure can be found in

Ge5As30Se65 with an MCN of 2.4 which is Se-rich. This

could be due to a large As content in the glass, implying that,

while mean coordination number can be used to explain the

evolution trend of the structure and physical properties in ter-

nary glasses, the chemical composition could be another fac-

tor to tune the properties.

We recently found that optical nonlinearity increases

with Se concentration in Se-rich glasses, and best composi-

tion for photonic application with high glass transition tem-

perature, high third order nonlinearity and low linear losses

can be found in GexAsySe1-x-y bulk glasses with 11< x< 13,

which are located at MCN around 2.4–2.5.14 From the pres-

ent XPS results, the glasses at MCN around 2.4–2.5 have

minimum number of defective bonds and, thus, good chemi-

cal order, therefore the glasses are expected to have stable

optical and thermal properties that is good candidate for the

applications in photonics. In fact, recent optical and thermal

annealing experiments have confirmed an optical- and

thermal-stable composition of Ge11.5As24Se64.5 which has

minimum number of the homopolar bonds as evident by the

present XPS results.24,25

IV. CONCLUSIONS

High resolution XPS spectra of GexAsySe1-x-y glasses

with a MCN from 2.20 to 2.78 have been measured. The

analysis of these spectra indicated that a number of

Se–Se–Se trimmers can be found in the Se-rich samples, and

multiband features induced by phase separation can be

observed in extremely Se-poor samples. On the other hand,

when Ge, As, and Se 3d spectra were decomposed into 4, 3,

and 2 doublets, which correspond, respectively, to different

chemical surroundings, the perfect AsSe3/2 pyramidal and

Ge4/2 tetrahedral structure in Se-rich samples gradually

transferred to defect structures including As–As and Ge–Ge

homopolar bonds with increasing Ge and As concentrations.

Two transition like features found at MCN¼ 2.5 and

2.64–2.72 correspond to the disappearance of Se-chain and

FIG. 3. (a) The Ge 3d spectra and their decompositions. (b) The As 3d spec-

tra and their decompositions.

FIG. 4. The relative ratio of homopolar bonds as a function of mean coordi-

nation number. The green circle and wine square correspond to the different

chemical surroundings As–As and Ge–Ge, respectively. The dotted lines are

a guide for the eyes.
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formation of As–As bonds in the glass network and the for-

mation of Ge–Ge homopolar bonds, respectively.
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