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Abstract

We have analysed the e�ect of silver content on the optical properties of Ag-doped Ge10Sb30S60 chalcogenide glass

®lms; the chalcogenide host layers were prepared by vacuum thermal evaporation. Films of compositions

Agx(Ge0:1Sb0:3S0:6)100ÿx, with x K 8 at.%, were obtained by successively photodissolving thin (around 10 nm) layers of

silver. The optical constants �n; k� have been determined by a method based on the envelope curves of the optical

transmission spectrum at normal incidence. The dispersion of the refractive index of the Ag-photodoped chalcogenide

®lms is analysed within the single-e�ective-oscillator approach. The optical-absorption data indicate that the absorption

mechanism is non-direct transition. We found that the refractive index of the Ag-doped samples increases with the Ag

content, whereas the optical band gap, Eopt
g , decreases from 1.97 � 0.01 to 1.67 � 0.01 eV. These results are consistent

with the hypothesis that the photodoped Ag is a structure modi®er in the a-Ge10Sb30S60 ®lms. Ó 2000 Elsevier Science

B.V. All rights reserved.

1. Introduction

The photoinduced solid-state chemical reaction
between various metals (e.g., Ag, Cu or Zn) and
chalcogenide glasses (also known as photodoping,
photodissolution or photodi�usion) has been
widely studied [1±5]. However, at present, the

mechanism for this phenomenon is still speculative
to our knowledge. Silver-doped chalcogenide
glasses have been investigated mainly for their
potential applications as optical recording mate-
rials and, more recently, as materials for di�ractive
optics and optical integrated circuits for IR oper-
ation [6]. All these applications require the fabri-
cation of structures in a range of thicknesses, from
one to tenths of a micron. Understanding the ki-
netics of the photodissolution process and ®nding
new suitable host glass-matrices are crucial points
for these technological applications. In the present
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study we have analysed the e�ect of photodoping
with Ag, on the optical properties of Ge10Sb30S60

ternary chalcogenide glass ®lms.

2. Experimental

The chalcogenide host layers were deposited
using the vacuum thermal evaporation technique.
To produce the glass for the evaporation source,
the constituents were measured into a quartz tube,
vacuum-sealed and melted in a rocking furnace for
24 h at 1000°C and subsequently quenched in air.
Fragments of the material were used to prepare the
layers in a chamber with a pressure of 1 ´ 10ÿ4 Pa,
at a rate of 1 nm sÿ1 (the deposition rate was
measured by the dynamical weighing procedure).
The thickness of the ®lms ranged between 1000
and 1500 nm, which are appropriate for the eval-
uation of the optical parameters by the present
characterization method. Subsequently, di�erent
layers of silver were deposited on top of the
chalcogenide host. For the silver evaporation we
used an Al2O3-covered tungsten boat, thereby re-
ducing the heat and light exposure of the samples
during deposition. Photodoping was carried out
by illuminating the samples in a mask aligner
(Karl Suss MJB3 UV400), equipped with a 200 W
Hg lamp. During light exposure the samples were
sandwiched between two other glass plates to
reduce surface oxidation.

The silver concentration of our samples was K8
at.%. When preparing layers with a large silver
content, we found that photodissolving a thick
layer of Ag in one step resulted in a photodoped
product that was inhomogeneous. However, dop-
ing the host step-by-step, by consecutively dis-
solving �10 nm layers, produced a homogeneous
®lm. The silver concentrations were determined
from measurements of the silver and chalcogenide
layer thicknesses.

The optical transmission and re¯ection spectra
(at normal incidence) of the ®lms were recorded
with a ultraviolet/visible/near infrared spectro-
photometer (Perkin Elmer, model k-9). It should
be noted that the transmission spectra of the
doped thin-®lm samples were those corresponding
to homogeneous isotropic weakly-absorbing lay-

ers, with uniform thickness; it is also important to
mention that in the transparent region, the sum of
transmission and re¯ection spectra was 100%,
within experimental error, for all photodoped
samples. These results con®rmed the homogeneity
of the doped samples and the absence of silver
remaining on top of the chalcogenide host, after
illumination. The thickness of the ®lms was mea-
sured by a mechanical stylus (Sloan, model Dek-
tak IIA), with an accuracy of �5 nm, for the
purpose of comparison with the results deduced
from the transmission spectra.

3. Determination of the optical constants

To calculate the refractive index, n, and ex-
tinction coe�cient, k, we used a method suggested
by Swanepoel [7]. The optical constants are ob-
tained by using only the transmission spectrum.
The layer is assumed to be homogeneous and with
uniform thickness. Otherwise, there should be a
shrinking in the interference fringes of the optical
transmission spectrum [8,9]. In the present case
such shrinkage is not observed.

According to SwanepoelÕs method, which is
based on the approach of Manifacier et al. [10] of
creating the upper and lower envelopes of the
transmission spectrum, the refractive index in the
region where the absorption coe�cient, a, is �0,
was calculated by the expression [7]

n �
�����������������������������
N �

���������������
N 2 ÿ s2
pq

; �1�

where

N � 2s
Tmax ÿ Tmin

TmaxTmin

� s2 � 1

2

with s the refractive index of the substrate. Tmax

and Tmin are, respectively, the envelope values at
the wavelengths in which the upper and lower
envelopes and the experimental transmission
spectrum are tangent, as shown in Fig. 1. The ®rst
ns are calculated using Eq. (1) at the wavelengths
corresponding to the tangent points. The accuracy
to which k can be measured is �1 nm. The maxi-
mum absolute accuracy of Tmax and Tmin is �0:001.
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If n1 and n2 are the refractive indices at two
adjacent tangent points at wavelengths k1 and k2,
using the basic equation for interference fringes:

2nt � mk; �2�
where m is an order number, the thickness is given
by

t � k1k2

4�k1n2 ÿ k2n1� : �3�

It should be noted that, owing to the optical ab-
sorption, Eqs. (2) and (3) are not valid at the in-
terference maxima and minima, but are valid at
the tangent points referred to previously [8]. A set
of ts is obtained solving Eq. (3) for each pair of
consecutive tangent points. The mean t so calcu-
lated is used together with the ®rst refractive in-
dices, to determine the order numbers from Eq. (2):
m being an integer for an upper tangent point and
a half-integer for a lower tangent point. More
accurate ts (taccs) are obtained by taking the cor-
responding integral and half-integral ms. Using

these ms and the mean tacc, a set of ns (naccs) are
again calculated.

The absorption coe�cient can be determined
from the relation [7]

x � exp�ÿat�;
where x is the absorbance, given by

x �
EM ÿ

������������������������������������������������
E2

M ÿ �n2 ÿ 1�3�n2 ÿ s4�
q
�nÿ 1�3�nÿ s2� �4�

and

EM � 8n2s
Tmax

� �n2 ÿ 1��n2 ÿ s2�:

Finally, the extinction coe�cient can be deter-
mined from the relation: k � ak=4p [7].

4. Results

The taccs and naccs for a representative photod-
oped Ge10Sb30S60 sample, in which the silver con-
tent was 7.6 at.%, are shown in Table 1. The
maximum possible error in n varies from �0:004 to
�0:011. We emphasize that the thickness of the
®lms measured by the pro®lometer, is close to that
calculated from the transmission spectra. For in-
stance, for the ®lm with metal content 7.6 at.%, the
measured thickness is 1223 � 24 nm, whereas
1242 � 7 nm is calculated.

The data on the dispersion of the refractive in-
dex, n�k�, were evaluated according to the single-
e�ective-oscillator model proposed by Wemple
and DiDomenico [12,13]. These authors investi-
gated dispersion data for more than a hundred
di�erent materials, both covalent and ionic, crys-
talline and amorphous. They found that all the
data could be described, to an excellent approxi-
mation, by the following formula:

n2��hx� � 1� EdEo

E2
o ÿ ��hx�2 ; �5�

where �hx is the photon energy, Eo is the oscillator
energy and Ed is the oscillator strength or disper-
sion energy. Plotting �n2 ÿ 1�ÿ1

against ��hx�2 al-
lows us to determine the oscillator parameters, by

Fig. 1. Optical transmission spectrum, T(k), for a Ag-photod-

oped Ge10Sb30S60 chalcogenide glass thin ®lm with a silver

content of 7.6 at.%. The top, Tmax, and bottom, Tmin, envelope

curves have been computer drawn using the useful algorithm

developed by McClain et al. [11]. Ts is the transmission spec-

trum of the bare substrate. The order numbers for some tangent

points are conveniently marked.
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®tting a linear function to the smaller energy data.
All these plots are shown in Fig. 2. As was pointed
out by Wemple and DiDomenico [12], deviations
from the linear relationship result from the prox-
imity of the band edge (interband absorption), at
larger photon energies. The dependence of the
single-e�ective-oscillator parameters on silver
content is shown in Fig. 3; the Ag content de-
pendence of the static refractive index, n��hx � 0�,
is also displayed in Fig. 3.

The optical gap, Eopt
g , was determined from the

intercept on the energy axis of the linear ®t of the
larger energy data, in a plot of �a�hx�1=2

versus �hx
(Tauc extrapolation [14]) ± all the corresponding
Tauc plots are shown in Fig. 4. In Fig. 5 we show
the dependence of the Tauc gap on Ag content.
The decrease of Eopt

g , from 1.97 � 0.01 to
1.67 � 0.01 eV, is explained by the fact that the
binding energy of the Ag±S bonds, 217.1 kJ molÿ1,
is much smaller than that of the Ge±S and Sb±S

Fig. 2. Wemple±DiDomenico ®ts of the optical-dipersion data.

The solid lines are linear ®ts.

Fig. 3. Silver-content dependence of the single-e�ective-oscil-

lator parameters Eo and Ed. Also, the variation of the static

refractive index, n��hx � 0�, with Ag content. All the solid lines

are to guide the eye.

Table 1

Values of k, Tmax, Tmin, tacc and nacc for the transmission spec-

trum of Fig. 1

k (nm) Tmax Tmin tacc nacc

(�1 nm) (�0:001) (�0:001) (nm)

1624 0.841 0.549 1260 2.615

(�0:004)

1453 0.822 0.527 1242 2.632

(�0:005)

1313 0.801 0.515 1237 2.643

(�0:005)

1200 0.783 0.505 1239 2.657

(�0:005)

1106 0.763 0.493 1237 2.671

(�0:005)

1028 0.736 0.479 1239 2.690

(�0:005)

962 0.706 0.464 1241 2.711

(�0:006)

904 0.672 0.446 1241 2.729

(�0:006)

855 0.636 0.428 1244 2.754

(�0:007)

811 0.594 0.404 1240 2.775

(�0:008)

774 0.542 0373 1229 2.804

(�0:009)

741 0.457 0.332 1249 2.834

(�0:011)

�tacc � 1242 nm, rnÿ1 � 7 nm (0.6%)
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bonds, 551.0 and 378.7 kJ molÿ1, respectively [15].
Therefore, there is a smaller energy splitting be-
tween the states of the valence and conduction
bands.

5. Discussion

The oscillator energy, Eo, is an ÔaverageÕ energy
gap (Wemple±DiDomenico ÔgapÕ) [12,13] and to a
good approximation it varies in proportion to the
Tauc gap, as was found by Tanaka when investi-
gating the AsxS100ÿx glassy system [16] and more
recently by Kosa et al. [17] in the case of Ag-doped
As33S67 glass ®lms. From the inset of Fig. 5, the
relationship Eo � 2:40� Eopt

g , is deduced. On the
other hand, the dispersion energy, Ed, serves as a
measure of the strength of interband transitions.
An important achievement of the Wemple±Di-
Domenico model is that it relates the dispersion
energy to other physical parameters of the material
through an empirical formula [12,13]:

Ed � bNcZaNe �eV�; �6�

where b is a two-valued constant with either an
ÔionicÕ or a ÔcovalentÕ value �bi � 0:26� 0:03 eV
and bc � 0:37� 0:04 eV, respectively), Nc the co-
ordination of the cation nearest neighbor to the
anion, Za the formal chemical valency of the anion
and Ne is the total number of valence electrons
(cores excluded) per anion.

Fig. 3 shows that Ed decreases with increasing
Ag content. Eq. (6) was successfully applied by
Tanaka [16], to explain the increase of Ed with
increasing As content in the AsxS100ÿx binary
glassy system (owing to the increase in the ef-
fective coordination of the cation). More recent-
ly, Kosa et al. [17] extended the validity of Eq.
(6), to explain the increase of the dispersion en-
ergy of the Ag-doped a-As33S67 ®lms, with in-
creasing Ag content. In this particular case, it
was assumed that the overall (average) cation
coordination is the factor, which is most a�ected
by the addition of silver to the amorphous
structure. This idea was supported by the fact
that the composition of the samples at larger
silver concentration, is de®nitely close to those of
the ternary crystalline compounds such as trech-
mannite, AgAsS2 (25 at.% of Ag) and proustite,
Ag3AsS3 (42 at.% of Ag).

From Eq. (6), a cation coordination number,
Nc, can be estimated for the virgin sample using
the relationship: Nc � Ed=bZaNe, where in this

Fig. 5. Tauc gap versus silver content in the

Agx(Ge0:1Sb0:3S0:6)100ÿx glassy system. The solid line is to guide

the eye. In the inset, Eo versus Eopt
g (scaling between the two

optical parameters). In this case, the dashed line is a linear ®t

(the value of the slope is 2.40).

Fig. 4. Determination of the optical band gap, Eopt
g , in terms of

the Tauc law.
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particular case, Za � 2 and Ne � �4� 10� 5�
30� 6� 60�=60 � 55=6. Thus, Nc�3.23. This Nc

is in agreement with that which would be ex-
pected for the Ge10Sb30S60 chalcogenide glass. In
fact, if we rewrite this chemical composition in
the form (Ge0:25Sb0:75)40S60, a hypothetical ÔcationÕ
such as Ge0:25Sb0:75 could now be considered.
For this ÔcationÕ, Nc could be obtained as fol-
lows: N theo

c � 4� 0:25� 3� 0:75 � 3:25. For a
general glassy composition GexSbySz, if only
heteropolar chemical bonds are considered, the
expression 4x� 3y � 2z should be veri®able.
Then, taking N theo

c � 3:25, that we have previ-
ously derived, this last equation leads to a
composition such as Ge9Sb29S62. It is known [18]
that GexSb0:4ÿxS0:6 thin ®lms contain some ho-
mopolar M±M bonds, whose population increases
with increasing ÔxÕ. Thus, Ge-rich ternary ®lms
such as Ge30Sb10S60 contain a larger quantity of
those bonds than the ®lms that have been used
in this work. This particular fact is consistent
with the agreement we have found between the
Nc calculated from WempleÕs equation and that
derived theoretically, N theo

c , in the form described
above.

The incorporation of Ag into the structure of
the present Ge±Sb±S glass ®lms has the e�ect, as
previously mentioned, of decreasing the oscillator
strength. Therefore, the addition of silver into the
ternary chalcogenide matrix decreases one or
other of the quantities on the right-hand side of
Eq. (6). Even if Ag photodoping were to change
the bonding towards less ionic (considering the
electronegativities of the di�erent atoms), this
cannot be the major factor, since this factor would
increase b. On the other hand, in less ionic mate-
rials the smaller s±p splitting increases the pa-
rameter Ne [12]. Therefore, in our case of Ge±Sb±S
®lm samples, we assume that the average cation
coordination is the factor that is most a�ected by
the addition of Ag to the glassy structure (it
should be taken into account that Za � 2, does
not change). Nevertheless, there is an important
di�erence between the Ag-photodoping process of
AsS2 ®lms compared to that in GeS2 and GeSe2

®lms. The photodoping of GeS2 with Ag at con-
centrations of 16 at.%, destroys 6 � 3.5% of the
molecular units, whereas in the GeSe2 layers

photodoped up to 20 at.% by Ag, 12 � 3.5% of the
initial number of the GeSe4=2 tetrahedrons are
destroyed [19]. This disruption of structural units
in Ge-based chalcogenide glasses with photodop-
ing and their conservation in As±S glasses, are
obviously conditioned by the more rigid structures
of the GeX2 chalcogenide networks. Finally, al-
though the introduction of Sb appears to ÔsoftenÕ
the Ge±S structure (thus, resulting in bond rear-
rangements and structural changes [18]), it seems
reasonable to assume that photodoping with Ag
will decrease the e�ective cation coordination
number and, therefore, according to Eq. (6), the
dispersion energy will also decrease, as has been
found empirically.

6. Conclusions

Photodissolving Ag into the Ge±Sb±S host
matrix introduces new Ag±S chemical bonds,
with much smaller binding energy than that of
the Ge±S and Sb±S bonds, which explains the
decrease of the Tauc gap with increasing Ag
content. We have analysed the optical-dispersion
data using the Wemple±DiDomenico single-ef-
fective-oscillator model. The oscillator energy,
Eo, varied in proportion to Eopt

g , in accordance
with the ®ndings of Tanaka [16] and Kosa et al.
[17]. On the other hand, we attributed the de-
crease of the oscillator strength, Ed, with in-
creasing Ag content, to the decrease of the
e�ective cation coordination number, Nc. Lastly,
the change in the refractive index between the
photodoped and undoped material (around 0.1),
for the largest silver concentrations reached in
this work, makes the Ge10Sb30S60 chalcogenide
glass an attractive candidate as optical recording
medium.
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