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Abstract

In this paper, we report photoluminescence (PL) studies carried out using Fourier-transform method in glassy Se

(a-Se) and Ge-based Ge20Se80 and Ge20Se70Te10 glasses. It was observed that the PL spectra of a-Se as well as that of

Ge-based glasses exhibit fine features. The details of these fine features are extracted by deconvoluting the experimental

spectra and are explained based on phenomenological defect models. Utilizing the deconvoluted information, the ra-

diative recombination transitions occurring at �valence-alternation pairs� are distinguished from those occurring at

�intimate valence-alternation pairs� and are illustrated with the help of a configurational coordinate diagram repre-

sentation.

� 2002 Elsevier Science B.V. All rights reserved.

PACS: 71.55.Jv; 78.55.Hx; 78.60.)b; 81.05.Gc

1. Introduction

The presence of inherent defects profoundly

influences many light-induced and electronic prop-

erties of amorphous/glassy chalcogenides [1,2]. At

present, the defects in chalcogenide glasses are

understood mainly based on the two phenome-
nological models namely charged dangling bonds

(CDB) model and valence-alternation pair (VAP)

model [3–5]. According to the CDB model, the

inherent defects, denoted as Dþ–D� charged pairs,

are formed due to the rearrangements of unpaired

spins at the nearby ends of two chalcogen chains.

The same defects in VAP model are denoted as

over-coordinated Cþ
3 and under-coordinated C�

1

VAPs, respectively, where the superscript denotes

the charge and subscript denotes the coordination
number. In VAP model, the Cþ

3 –C
�
1 VAPs formed

close to each other due to the Coulomb attraction

are termed as intimate valence-alternation pairs

(IVAP). Alternatively, the VAP and the IVAP

Cþ
3 –C

�
1 defects are also termed as random and

non-random Dþ–D� defects, respectively, [5].

The under- and -over-coordinated intrinsic de-

fects discussed above are considered to be the major
contributors to the gap-states in chalcogenide

glasses. Photoluminescence (PL) is one of the
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effective characterization techniques that can pro-
vide simultaneous information on both shallow

and deep level defects and gap-states in many

semiconductors [6]. The technique was used ex-

tensively in 1970s for studying defects and gap-

states in chalcogenide glasses too [7]. The notable

findings of these studies were the broad featureless

spectra for majority of chalcogenide glasses

peaking at nearly half the band gap energies. Ex-
ceptions to the featureless spectra were the cases of

a few Ge-based amorphous/glassy chalcogenides

that exhibited features in the broad spectra, the

most recent case being the PL spectra observed in

Ge–Se–Bi amorphous films [7,8]. Based on the

earlier studies and the trends from PL excitation

spectra, the contribution to luminescence in

chalcogenide glasses has been considered to be due
to the Dþ and/or D� charged defects [5]. However,

the existing identification of PL transitions with

random and non-random Dþ–D� defects (or VAP

and IVAP centers) has not been unequivocal as the

information available in the broad PL spectra of

many chalcogenide glasses is not sufficient enough

in distinguishing the involvement of VAPs and

IVAPs in PL transitions [2,5]. As a result, the
precise details of luminescence processes in chal-

cogenide glasses are still to be understood [2].

Until recently, the monochromator dispersion

or grating spectroscopy has been the general

technique to study absorption or luminescence

spectroscopy in visible region of light radiation. It

is a known fact that grating spectroscopy does not

make the most effective use of limited power of
light radiation having wavelengths greater than

1000 nm (or E < 1:24 eV) [9]. However, spectro-
scopic studies using Fourier-transform (FT)

method make efficient use of the available power

of light radiation having energies less than about

1.3 eV with the help of a basic process namely the

light wave interference [9]. With the phenomenal

advances in desktop computing since 1980s, the
FT method is emerging as the preferred method to

carry out spectroscopic studies in recent years.

Nonetheless, most of the PL studies in chalco-

genide glasses were carried out in pre- or early

1980s era and were largely dependent on the

monochromator dispersion method [7,10–12]. A

few recent PL studies in chalcogenide glasses are

also carried out by dispersing the luminescence
through a monochromator [13–15]. To the best of

our knowledge, the FT method has not been used

so far to study systematically luminescence pro-

cesses in chalcogenide glasses.

In the present study, our aim was to utilize the

FT method to investigate and improve the existing

knowledge on the luminescence processes and ra-

diative recombination mechanism in chalcogenide
glasses. The samples chosen to do so were ele-

mental a-Se and Ge-based Ge20Se80 and Ge20-

Se70Te10 glasses. The Ge-based glasses were chosen

specially to explore the scope of modern comput-

ing facilities to deconvolute any observable fea-

tures in the PL spectra of Ge-based glasses and to

get therewith better insights into the luminescence

processes in these glasses.

2. Experimental details

The samples of interest were prepared by con-

ventional rapid quenching of melts at 1000 �C. To
prepare the melts, appropriate amount of 5 N pure

elemental materials were taken in silica tubes of 8
mm diameter and were subsequently vacuum-

sealed. The sealed ampoules were kept in a long

ceramic tube and were loaded into a resistance

wound tubular furnace. The furnace was main-

tained at 1000 �C for 24 h to allow the constituent
elements to react properly. The ampoules were

then rotated with the help of an external motor for

another 24 h to achieve homogenization of the
melt. Subsequently the melts were quenched in ice-

waterþNaOH bath. The samples prepared in this
way were confirmed to be X-ray amorphous.

Differential scanning calorimetry scans were car-

ried out on the samples to determine the glass-

transition temperatures.

Samples having surface dimensions of nearly

2� 2 mm2 were selected for PL studies. The
samples had shiny surfaces in their as-prepared

form and were used without subjecting to further

polishing. A FT photoluminescence spectrometer

(MIDAC Corp., USA) was used to carry out

present investigations. Samples to be examined

were mounted on a sample holder that had pro-

vision to mount 20 samples at a time and then
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were suspended in a liquid helium cryostat at-
tached to the spectrometer. An argon ion (Arþ)

laser (k ¼ 514:5 nm, E ¼ 2:41 eV) with 2 mm beam
diameter was used as an excitation source. The

experiment was carried out at 4.2 K with 150

mWcm�2 excitation power. PL signals coming

from the samples were analyzed by a Michelson

Interferometer and were detected with the help of

a liquid-nitrogen cooled Ge-photodiode. The in-
terferograms spanning the entire 0.6–1.85 eV range

and having 2 meV resolution were recorded by

averaging out 10 coadded scan in nearly 30 s using

a personal computer attached to the spectrometer.

The excitation was turned on just before recording

each spectrum. Prior to subjecting the samples of

interest to PL studies, it was confirmed each time

that semiconducting CdTe placed in some other
slot of the same sample holder and taken as the

reference showed its characteristic PL spectrum

with fine features in 1.35–1.5 eV range [16].

3. Results

The PL spectra recorded at 4.2 K for a-Se and
Ge-based Ge20Se80 and Ge20Se70Te10 glasses are

shown in Fig. 1. The luminescence spectra of all

the three samples fall in a broad energy range 0.7–

1.2 eV. On the whole, PL intensity for Ge20Se80

and Ge20Se70Te10 is significantly higher compared
to that for a-Se. In addition, the overall PL line-

shape for each of the three samples is characterized

by fine features, the first of its kind for a-Se.

4. Discussion

Firstly, the range of luminescence emission en-
ergies appears to be nearly the same irrespective of

the composition. In case of melt-quenched glasses

containing chalcogen elements, concentration of

randomly distributed Dþ and D� centers or VAPs

can be estimated using

NVAP ¼ N0 exp
�
� EVAP
2kBTg

�
; ð1Þ

where N0 is the chalcogen atomic density, EVAP
is the creation energy for VAP and Tg is the glass-
transition temperature [2]. For Se, values of
NVAP � 1018 cm�3, N0 � 1022 cm�3 and Tg � 320 K
give EVAP � 0:8 eV, well within the energy range of
experimental luminescence spectra [4]. Proceeding

along similar lines, when fourfold coordinated Ge

atoms that do not have any preferential charged

state are added to Se as in Ge20Se80, the VAP

creation energy remains at around 0.8 eV on ac-

count of the increase in glass-transition tempera-
ture (Tg � 410 K) that almost compensates the
reduction in NVAP. When Te, again a chalcogen
element, replaces 10 at.% of Se as in Ge20Se70Te10,

the VAP creation energy remains nearly the same

again as the chalcogen atomic density and the Tg
remain almost unchanged. These observations give

an overall indication that the VAP defects are the

common centers involved in the PL transitions in
all the three samples.

The significantly higher PL intensity of Ge20Se80
compared to that of a-Se suggests higher PL effi-

ciency for the former than the latter. The obser-

vations are in line with the experimental studies in

GexSe1�x glasses wherein a change in x from zero

to 1/3 brings out four orders of magnitude increase

in PL efficiency [17]. Such an increase is generally
attributed to the branching and shortening of Se

chains with an increase in the number of unsatis-

fied bonds and a corresponding increase in Dþ–D�

centers [18]. Addition of Te further shortens Se

Fig. 1. Experimental PL Spectra for a-Se, Ge20Se80 and

Ge20Se70Te10 glasses recorded at 4.2 K. In each spectrum only

alternate data-points (�4 meV step) are shown.
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chains and brings out a marginal increase in PL
intensity of Ge20Se70Te10 glass as compared to that

of Ge20Se80 glass. Such an increase is in agreement

with the enhanced luminescence efficiency ob-

served when Te is added to Se [19]. In addition, the

low luminescence efficiency in a-Se can be attrib-

uted to the creation of metastable non-radiative

defect centers, confirmation regarding which are

available in literature [20].
In Fig. 1, clear fine structure observed for all the

spectra including the one for a-Se suggest radiative

emission occurring at least at three different ener-

gies. The observed luminescence line-shapes for

Ge-based glasses though more or less conform to

the typical shapes observed in the past, the fine

features observed for a-Se are first of its kind and

were found to be repeatable and reproducible,
even for some other samples discussed elsewhere

[21]. Absence of such fine features in the past, es-

pecially for a-Se having low luminescence effi-

ciency, was probably due to the uncertainties of

the order of about 0.04 eV introduced by the

monochromator dispersion that could have ob-

scured the finer details of the spectra in majority of

the earlier investigations [7]. The possibility looks
more likely as it is well known that the FT method

followed by us has established advantages over the

dispersive grating monochromator technique, es-

pecially in the current luminescence energy range

[9]. The well known advantages of FT method

namely Fellgett advantage and Jacquinot (or

throughput) advantage combined with a coherent

excitation source [18], as we have done, can have
profound influence in unraveling the fine features

of luminescence processes in chalcogenide glasses.

Generally, in spectroscopy, when there is con-

tribution to the spectra from more than one

component, the spectra are deconvoluted based on

the nature of the process governing each compo-

nent. The luminescence process is generally de-

scribed by a Gaussian line broadening mechanism
in which case, the luminescence intensity can be

expressed in terms of a Gaussian (amplitude ver-

sion) line-shape function and can be written as [7]

IðhmÞ ¼ I0 þ A exp

 
� ðhm � E0Þ2

2r2

!
; ð2Þ

where hm is the energy of the radiation emitted, I0 is
the offset, A is the maximum intensity or ampli-

tude, E0 is the energy at which the intensity is
maximum and r is the standard deviation [22]. For
luminescence processes having contributions from

more than one component (or transition), say n
components, the expression for intensity can be

written as a linear combination of contributions
from individual components

IðhmÞ ¼ I0 þ
Xi¼n

i¼1
Ai exp

 
� ðhm � E0iÞ2

2r2i

!
ð3Þ

with Ai, E0i and 2.355ri representing, respectively,

the amplitude, peak position and full width at half

maximum (FWHM) of ith component or transi-
tion [22].
Based on the Gaussian line broadening mecha-

nism discussed above for luminescence processes,

the fine features in the PL spectra of different

glasses were deconvoluted, as shown in Fig. 2,

using the built-in Levenberg–Marquardt (LM) chi2

minimizing algorithm available in Microcale Ori-

gine software [22,23]. The LM algorithm combines

the best features of methods of linearization and
gradient-descent, actively switching between the

two according to the success or failure of the linear

approximation. The resultant of the three decon-

voluted spectra drawn along, fits well with the ex-

perimental spectra in Fig. 1. The features extracted

from deconvolution exercise and area under the

curve (area ¼
ffiffiffiffiffiffi
2p

p
Airi) of respective transitions for

all the three samples are listed in Table 1.
Luminescence in semiconductors occurs due to

the electron–hole recombination and its origin can

be traced to six different transitions as shown in

Fig. 3(a) [9,24]. They are the transitions between

(1) a free electron and a free hole (FE! FH), (2)

an electron trapped in a shallow level and a free

hole (ETSL! FH), (3) an electron trapped in a

deep level and a free hole (EDTL! FH), (4)
electron–hole pairs trapped in defect pairs deep in

the gap (ETDL! HTDL), (5) a free electron and

a hole trapped in deep level (FE! HTDL) and (6)

a free electron and a hole trapped in shallow level

(FE! HTSL).

Coming to the present results, all the tree

transitions for each sample occur at energies far

N. Asha Bhat et al. / Journal of Non-Crystalline Solids 319 (2003) 192–199 195



less
th
a
n
th
e
k
n
o
w
n
b
a
n
d
g
a
p
o
f
th
ese

m
a
teria

ls

(�
2
eV
)
a
n
d
a
re
la
rg
ely

S
to
k
es
sh
ifted

.
S
u
ch
a

la
rg
e
sh
ift

o
f
h
a
lf
th
e
b
a
n
d
g
a
p
m
a
g
n
itu
d
e
is

n
o
t
fea
sib
le
fo
r
a
b
a
n
d
-to
-b
a
n
d
lu
m
in
escen

ce

F
ig
.
2
.
D
eco
n
v
o
lu
ted

ex
p
erim

en
ta
l
P
L
sp
ectra

fo
r
(a
)
a
-S
e,
(b
)

G
e
2
0 S
e
8
0
a
n
d
(c)
G
e
2
0 S
e
7
0 T
e
1
0
g
la
sses.

T
h
e
ex
p
erim

en
ta
l
sp
ectra

a
re
rep
resen

ted
b
y
sy
m
b
o
ls
a
n
d
th
e
d
eco
n
v
o
lu
ted

sp
ectra

a
re

rep
resen

ted
b
y
cu
rv
es
1
,
2
a
n
d
3
.
T
h
e
resu

lta
n
t
o
f
th
e
th
ree

d
eco
n
v
o
lu
ted

sp
ectra

is
rep
resen

ted
b
y
cu
rv
e
4
.

Table 1

The features extracted from the experimental spectra for different compositions

Sample xc1 (eV) FWHM (eV) Area, Aa1 xc2 (eV) FWHM (eV) Area, Aa2 xc3 (eV) FWHM (eV) Area, Aa3

a-Se 0.848
 0.003 0.034
 0.011 0.017
 0.007 0.854
 0.012 0.168
 0.020 0.372
 0.071 0.954
 0.014 0.238
 0.038 0.236
 0.040
Ge20Se80 0.849
 0.004 0.035
 0.009 0.088
 0.025 0.898
 0.008 0.188
 0.011 1.214
 0.242 1.003
 0.014 0.252
 0.019 1.021
 0.138
Ge20Se70Te10 0.852
 0.001 0.030
 0.005 0.111
 0.020 0.852
 0.002 0.169
 0.007 1.867
 0.191 0.949
 0.009 0.214
 0.024 1.478
 0.118

The uncertainties in the extracted features are calculated for 95% confidence interval.
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transition that occurs when free electrons recom-

bine radiatively with free holes across the band gap

[2,9]. Hence, we are left with five possible recom-

binations involving gap levels to identify the three

deconvoluted spectra for each sample. In principle,
either VAPs (random Dþ and D�) or IVAPs (non-

random Dþ and D�) can contribute to lumines-

cence in chalcogenide glasses [5]. The location of

gap states associated with random Dþ and D�

defects as proposed by the CDB model is sketched

in Fig. 3(b). According to the model, the random

D� (VAP C�
1 ) center forms a shallow level close to

the valence band from where it can capture a hole.
Similarly, the random Dþ (VAP Cþ

3 ) center forms

a shallow level close to the conduction band from

where it can capture an electron. On the contrary,

in the case of non-random Dþ and D� (or IVAPs),

there exists a greater lattice distortion which can

significantly modify their energies. Consequently,

we expect them to lie deep in the gap in accordance

with the experimental evidences for negative-U
(negative correlation energy) [20]. Considering

these facts, the individual deconvoluted spectra

can be identified with the transitions involving

these levels as discussed below.

Interestingly, as can be seen in Table 1, the peak
position of one of the three deconvoluted spectra

(curve 1 in Fig. 2) is at 0.85 eV for all the three

samples and appears insensitive to composition. In

chalcogenide glasses, the sensitivity of IVAPs to

the addition of dopants is far less compared to that

of VAPs [5]. On this account, we identify the in-

sensitive deconvoluted spectra with the radiative

transitions involving IVAPs (or non-random Dþ

and D�) i.e. with the transition ETDL! HTDL.

With this identification, the remaining two deep

level associated transitions namely FE! HTDL

and ETDL! FH can be considered either less

probable or improbable as it is natural for elec-

tron–hole pairs trapped at structurally close IVAP

centers to recombine among themselves. To iden-

tify the two broader deconvoluted spectra (curve 2
and 3), we are then left with exactly same number

of choices namely ETSL! FH and FE! HTSL.

According to the CDB model, the lattice distortion

at random Dþ center is relatively higher than that

at D� center and accordingly the transition in-

volving Dþ center occurs at lesser energy than that

involving D� center. The second and third

deconvoluted spectra are hence identified with
ETSL! FH and FE! HTSL transitions, re-

spectively.

Though the energy level scheme shown in Fig.

3(b) displays the possibility of more than one op-

tical transition, it does not account for Stokes

shifts of multiple transitions. This is because the

energy difference between a shallow trap level for

electron (hole) and valence (conduction) band
edge is closer to the band gap value, but the ra-

diative recombination transitions involving the

level occurs at significantly lower energies. An

appropriate way to represent such luminescence

processes is the configurational coordinate dia-

gram representation shown in Fig. 4(a) where E is
plotted versus R with parabolic shape [12,24]. The
difference in the equilibrium distances in the
ground and excited state parabolas occurs mainly

because the chemical bond length in the excited

state is different from that in the ground state.

Accordingly, the parabolas are shifted relative to

each other over a value DR. The most probable
optical absorption occurs at R ¼ 0 of ground state
and brings the center to a high vibrational level of

Fig. 3. (a) Six different PL transitions possible in a semicon-

ductor involving gap states and (b) energy level scheme for gap

states in chalcogenides and the transitions involving them.

Further explanation can be seen in the text.
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the excited state. The center then relaxes to the

lowest vibrational level of the excited state from

where it can spontaneously return to the ground
state under emission of radiation. The emission

occurs at a lower energy than the absorption en-

ergy due to the relaxation processes. The energy

difference between the maximum of the lowest

excitation band and that of the emission band is

the Stokes shift. Along these lines, multiple tran-

sitions identified above can be better represented

with a configurational coordinate diagram illus-
trated in Fig. 4(b). In this illustration, we conjec-

ture separate configurations even for non-random

Dþ–D� (IVAPs) as we believe that the energy of

Dþ and D� defects can not be the same be it a

random arrangement or a non-random one. Ac-

cordingly, the radiative recombination transition

at IVAPs is depicted by a transition between two

deep level parallel parabolas in Fig. 4(b). Consid-
eration of parallel parabolas is done to elucidate

the smaller width of this transition compared

to that of the other two as it is known that the

zero-phonon optical transition between parallel

parabolas is the narrowest one [24]. Other two

transitions involving random Dþ and D� defects

are also represented in the same illustration to

qualitatively elucidate the observed Stokes shifts.
Lastly, from Table 1, it can be seen that with the

addition of Ge to Se, both the broader peaks shift

to higher energy side by nearly 0:049
 0:028 eV.
In a reverse trend, addition of Te brings back the

broader transitions to their original positions as in

a-Se. As it is known quite well that Ge addition

introduces GeSe4=2 structural units [25], one can
expect a change in the local environment and

therefore the energy of the random defect centers

or VAPs. From the reversal trends in the transi-

tions involving random defect centers it can be

inferred that: (i) the presence of a lower atomic

radii element Ge near random Dþ and D� defects

push the associated shallow donor and acceptor

levels towards the band edge. Consequently, the
associated transitions shift towards the higher en-

ergy side, (ii) presence of Te, a higher atomic radii

element, can push the shallow donor and acceptor

levels towards the mid-gap [24]. The resulting

transitions therefore will then shift towards lower

energy side. Recent PL studies in Ge(SexS1�x)2
glasses show that the luminescence transition en-

ergy shifts to higher energy side with the increasing
presence of S, a lower atomic radii element [26].

The study thereby substantiates the inferences

drawn above.

Interestingly, recent studies on Er-doped Ge-

chalcogenide glasses have shown more or less

similar PL line-shapes with three radiative transi-

tions at around the same energy range as in pre-

sent investigations [27,28]. In addition, PL studies
carried out by us on Bi-doped Ge chalcogenide

glasses have given further insights into the influ-

ence of composition on VAP and IVAP centers

[21].

Fig. 4. (a) Configurational coordinate diagram representation of absorption and emission transitions, (b) the configurational coor-

dinate diagram representation of multiple transitions in a chalcogenide glass semiconductor.
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5. Conclusions

In conclusion, the fine features in the PL spectra

of a-Se were examined using FT spectroscopy.

Similar features observed for Ge20Se80 and Ge20-

Se70Te10 glasses are in line with the earlier results.

The detailed deconvolution procedure applied

for the first time to extract better information
about the observed features provide signatures of

radiative recombination at discrete gap levels aris-

ing due to both VAPs and IVAPs. A better de-

scription for mechanism of Stokes shifted multiple

luminescence transitions in chalcogenide glasses is

illustrated using a configurational coordinate dia-

gram. The FT method utilized in the present inves-

tigations has played a significant role in capturing
luminescence transitions occurring simultaneously

at various defects with different lifetimes.
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