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Abstract

Optical-transmission spectra are very sensitive to inhomogeneities in thin ®lms. In particular, a non-uniform thickness produces a clear

shrinking in the transmission spectrum at normal incidence. If this deformation is not taken into account, it may lead to serious errors in the

calculated values of the refractive index and ®lm thickness. In this paper, a method ®rst applied by Swanepoel for enabling the

transformation of an optical-transmission spectrum of a thin ®lm of wedge-shaped thickness into the spectrum of a uniform ®lm, whose

thickness is equal to the average thickness of the non-uniform layer, has been employed. This leads subsequently to the accurate derivation

of the refractive index in the subgap region (0.1±1.8 eV), the average thickness, as well as a parameter indicating the degree of ®lm-

thickness uniformity. This optical procedure is applied to the particular case of freshly-prepared ®lms of the Ge10As15Se75 ternary

chalcogenide glassy alloy. The dispersion of the refractive index is discussed in terms of the Wemple±DiDomenico single-oscillator model.

The optical-absorption edge is described using the `non-direct transition' model proposed by Tauc, and the optical energy gap is calculated

by Tauc's extrapolation. Finally, the photo-induced and thermally induced changes in the optical properties of the a-Ge10As15Se75 layers are

also studied. # 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Chalcogenide glasses are well-known IR-transmitting

materials [1], and exhibit a wide range of photo-induced

effects that enable them to be used as optical recording or

imaging media [2]. The accurate knowledge of their optical

constants is necessary not only for understanding the basic

mechanisms of these effects, but also for exploiting their

interesting technological potentials.

Among the existing methods for determining the optical

constants, those that are based exclusively on the optical-

transmission spectra at normal incidence [3,4] have been

applied to different crystalline and amorphous materials,

deposited on transparent substrates, in the form of thin ®lms,

following different techniques [5±7]. These relatively sim-

ple methods, apart from being non-destructive and not

needing any previous knowledge about the thickness of

the deposited ®lm, are fairly accurate Ð the thickness

and refractive index can be determined with an accuracy

of about 1% [4]. They do, however, assume a layer with

uniform thickness; when the thickness is not uniform, a clear

shrinking in the optical-transmission spectrum is produced,

leading to less accurate ®nal results and even serious errors.

In this work, a procedure ®rst applied by Swanepoel [8] to

inhomogeneous ®lms of a-Si : H, which takes into account

the pro®le of the layers, is systematically applied to

Ge10As15Se75 ternary chalcogenide glass ®lms. The method

is based on the transformation of the envelopes of the

transmission spectrum corresponding to a ®lm of non-uni-

form thickness, into the envelopes of the spectrum of a

uniform ®lm, whose thickness is equal to the average

thickness of the non-uniform ®lm: It allows the determina-

tion of the geometrical parameters, average thickness and

thickness variation, and the refractive index. It should be
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emphasized that, by using the method presented here, it is

possible to obtain accurate information about the non-uni-

form chalcogenide ®lms under study, from a transmission

spectrum that would otherwise be useless. In addition, the

lack of data in the literature concerning the optical char-

acterization of thin ®lms of ternary chalcogenide glasses

clearly highlights the signi®cance of the present study.

Finally, the changes of the optical constants of freshly-

prepared a-Ge10As15Se75 ®lms, induced by both thermal

annealing (in vacuum) and light exposure (in air), are also

described.

2. Experimental details

Thin-®lm samples were deposited by vacuum evaporation

of powdered melt-quenched glassy material (prepared by

heating an appropriate mixture of the elements in a vacuum-

sealed fused silica ampoule, for about 24 h, at approxi-

mately 9008C, and then air-quenching), onto CaF2 glass

substrates ± transparent in the 0.1±4.1 eV spectral region.

The thermal evaporation process was carried out in a coating

system (Edwards, model E306A), at a pressure of

�5 � 10ÿ7 Torr, from a suitable quartz crucible. During

the deposition process the substrates were conveniently

rotated by means of a rotary workholder, which makes it

possible to relatively reduce the lack of uniformity in the

thickness of the as-deposited glass ®lms [9]. A schematic

drawing of the experimental arrangement inside the coating

system is displayed in Fig. 1(a). The deposition rate was

�0.5 nm sÿ1, which was measured continuously by a

quartz-crystal monitor (Edwards, model FTM-5). It is

known that such a low deposition rate produces a chemical

composition, which is very close to that of the bulk starting

material : Electron microprobe analysis indicated that the

composition is correct to within �1 at.%. The examination

of the thin-®lm samples by scanning electron microscopy

was carried out in an electron microscope (Jeol, model JSM-

820). The result of the corresponding compositional ana-

lysis is presented as an inset in Fig. 1(b). The absence of

crystallinity in the layers was veri®ed by X-ray diffraction

(XRD) measurements (using a Philips, model PW-1710

diffractometer). Fig. 1(b) also shows a typical XRD-pattern,

using the Cu Ka line (1.54 AÊ ), for a representative as-

deposited Ge10As15Se75 chalcogenide ®lm.

One aspect of the diffraction results in chalcogenide

materials has been ascribed to the in¯uence of medium-

range order, and this is the so-called ®rst sharp diffraction

peak (FSDP) or pre-peak in the structure factor [10]. This

peak almost invariably occurs at a value of the modulus of

the scattering vector of �1 AÊ ÿ1 in amorphous chalcogen-

ides. The absence of FSDP in the ternary alloy under study is

certainly noteworthy (this signi®cant fact has also been

found by El-Samanoudy and Fadel [11,12], with different

amorphous Ge25ÿxAsxSe75 ®lms), in clear contrast to the

binary glassy alloy, Ge25Se75 (see Fig. 1(b)).

The optical-transmission spectra were obtained over the

0.4±3.1 eV spectral region by a double-beam, UV/Vis/NIR

computer-controlled spectrophotometer (Perkin±Elmer,

model Lambda-19), while IR measurements over the 0.1±

0.4 eV spectral region were carried out by a computer-

controlled FTIR spectrometer (Perkin±Elmer, model

2000); the spectrophotometer allows the selection of two

different light beam sizes (4 or 10 � 1 mm2). In addition, a

surface-pro®ling stylus (Sloan, model Dektak 3030) was

used to measure the thickness of the layers for the purpose

of comparison with the result derived from the optical

measurements. The thicknesses studied in the present work

were in the range of approximately 800±2000 nm. All the

Fig. 1. (a) Diagram showing the experimental arrangement used in the

thermal-evaporation process. It also shows the distribution of the film

thickness in the rotary workholder, and the dimensions of a representative

substrate. (b) XRD-(Cu Ka radiation) of an as-evaporated Ge10As15Se75

chalcogenide glassy sample, and that corresponding to a layer of the

Ge25Se75 binary alloy,showing the FSDP at 2q � 158, or equivalently, at a

value of the modulus of the scattering vector, Q (�4�sinq/l) of �
1.1 AÊ ÿ1. The inset shows the results of the corresponding compositional

analysis.
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optical measurements reported were made at room tem-

perature.

3. Theoretical considerations

The optical-characterization method used in this work

assumes that the thickness of the ®lm varies linearly over the

illuminated area, and can be expressed as: d � �d ��d. This

assumption is reasonable in the case of the present ther-

mally-evaporated thin-®lm samples, because the ®lm-thick-

ness distribution over the substrate dimensions (around

25 � 25 mm2) is approximately in the shape of a wedge

[9] (see Fig. 1(a) and the inset of Fig. 2);�d refers to the

actual variation in thickness from the average thickness �d.

The upper and lower envelopes, TM and Tm, respectively, of

the transmission spectrum corresponding to a wedge-shaped

layer, can be written as a function of the envelopes, TM0 and

Tm0, of the uniform ®lm with the same optical constants and

thickness equal to the average thickness of the non-uniform

®lm, as:

TM;m � �TM0Tm0�
�

tanÿ1 TM0

Tm0

� ��1=2

tan�

" #
(1)

where

� � 2�n�d

�
(2)

verifying, 0 < � < �/2 (or equivalently, 0 <�d < �/4n).

Once both envelopes, TM and Tm, are known, the expres-

sions included in Eq. (1) are two independent transcenden-

tal equations for TM0, Tm0, and �. Considering that in the

transparent region TM0 � Ts, where Ts is the transmission of

the substrate alone (see Fig. 2), the two expressions in

Eq. (1) can be solved for Tm0 and � in this particular spectral

region, using a rapidly-converging algorithm (Newton±

Raphson iteration). In addition, the well-known equation

for the interference fringes, 2n�d � m� (m being the order

number), which, due to the optical absorption, is veri®ed at

the tangent points between the envelopes and the optical-

transmission spectrum, is now used to calculate TM0 and Tm0

over the whole spectral range under study. This equation can

be rewritten as [4,8]:

l

2
� 2n�d

�
ÿ m1: (3)

where l � 0,1,2,3,. . . for the successive tangent points,

starting from the long-wavelength end, and m1 is the order

number of the ®rst (l � 0) tangent point considered, while

m1 is an integer or a half-integer, for the upper or lower

tangent points, respectively. The substitution of Eq. (2) in

Eq. (3) gives:

l

2
�

�d

��d

� �
�ÿ m1: (4)

A plot of l/2 as a function of � in the transparent region

allows the determination of the slope and m1, based on

Eq. (4), which is illustrated in Fig. 3. Eq. (4) can be used for

the calculation of � for the tangent points in the region of

absorption, and TM0 and Tm0 can then be derived from

Eq. (1), as discussed below in detail. Once the values of

TM0 and Tm0 are known, we can optically characterize the

non-uniform chalcogenide ®lms by the application of a

procedure corresponding to uniform layers [4,8,13].

Fig. 2. Optical transmission versus photon energy corresponding to a

wedge-shaped film of the Ge10As15Se75 ternary alloy, deposited onto a

thick, transparent CaF2 substrate. TM0, TM, Tm and Tm0 are defined in the

text, and Ts is the transmission of the substrate alone. Also, a schematic

drawing of a weakly-absorbing film, with a linear variation in thickness,

on a transparent substrate.

Fig. 3. Plot of l/2 as a function of �, in order to determine m1 and �d for

the representative Ge10As15Se75 thin-film sample.
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4. Results and discussion

4.1. Determining the refractive index and average film

thickness

Fig. 2 presents the experimental optical transmission as a

function of the photon energy, corresponding to a repre-

sentative wedge-shaped thin ®lm of the Ge10As15Se75 glassy

alloy. It can be seen from this curve that using the photon-

energy axis, the adjacent extrema are at approximately the

same distances from each other, i.e., �(�h!)ext �
��h!�ext

i�1 ÿ ��h!�ext
i � constant. Due to the optical dispersion

(n � n(�h!)), a slight decrease of �(�h!)ext is however

observed with increasing photon energy (�(�h!)ext � con-

stant, for the non-dispersive case). This ®gure also clearly

shows the non-uniformity of thickness of the a-

Ge10As15Se75 ternary ®lms used in the present study. The

experimental envelopes, TM and Tm, presented in Fig. 2,

have been carefully drawn using a computer program

devised by McClain et al. [14]. In addition, the transmission

of the CaF2 substrate alone is included in Fig. 2, as Ts.

As it has already been explained, Tm0 and � are calculated

initially from Eq. (1), using the experimental values of TM

and Tm for the tangent points, and substituting TM0 � Ts.

Fig. 3 shows the plot of l/2 as a function of � according to

Eq. (4), while the best straight-line ®t for the points of the

transparent region is also drawn. The points for larger �,

which clearly deviate from this straight line, indicate the

onset of absorption and these points have to be ignored when

the straight line is drawn. The equation corresponding to this

particular straight line is:

l

2
� 12:85�ÿ 1:20: (5)

New values of � can be calculated for each tangent point,

over the whole spectral range, using a new expression

derived by modifying the above equation, in such a way

that the particular value of m1 is appropriately rounded off

(in this case, m1 � 1.5). TM0 and Tm0 are now calculated

from Eq. (1), using these new values of �, and the values of

TM and Tm; the experimental values of TM and Tm at the

tangent points, as well as the calculated values of TM0 and

Tm0, for the same photon energies, are all displayed in

Fig. 2.

The values of TM0 and Tm0 can now be used to a derive �d
and n(�h!) using, as previously mentioned, the method for

uniform ®lms. The value of the average thickness for the

representative thin-®lm sample is 1488 � 13 nm (the accu-

racy of this ®nal value of the average thickness is 0.9%). In

addition, substituting the value of �d in Eq. (4) and using the

value of the slope corresponding to Eq. (5), gives a value for

�d of �37 nm. Alternatively, the ®lm thickness was mea-

sured directly by the previously-mentioned Sloan Dektak

3030 mechanical pro®lometer. This measured value is

usually very close to that calculated by the envelope-curve

procedure. The difference between the directly-measured

value of thickness, 1476 � 30 nm, and the optically-calcu-

lated value is �0.8%.

The ®nal values of the refractive index in the subgap

region (0.1±1.8 eV), for the representative non-uniform ®lm

of the Ge10As15Se75 chalcogenide alloy, are displayed in

Fig. 4, as a function of the photon energy. The correspond-

ing dispersion curve, n(�h!), which is also shown in Fig. 4,

has been plotted using the dispersion relationship that will

be introduced below. Moreover, the dispersion curves

obtained from the optical-dispersion parameters reported

in the literature, for the binary alloys As30Se70 [15] and

Ge25Se75 [16], and for the ternary alloy Ge10As40Se50 [17],

are also shown in Fig. 4 for comparison.

4.2. Determining the absorption coefficient and optical

band gap

Concerning the procedure for the determination of the

absorption and extinction coef®cients, Swanepoel [4]

recommends that, in the case of uniform ®lms, the TM0-

curve should be used over the whole range of the spectrum,

namely in the regions of strong, medium and weak absorp-

tion. It is stressed that the TM0-curve displayed in Fig. 2 has

been computer drawn by interpolation of a cubic spline,

through the calculated TM0-values. The derivation of the

optical absorbance, x, is based on the expression for the

optical dispersion that will be presented later. The corre-

sponding formula for the calculation of x is:

x � EM0 ÿ �E2
M0 ÿ �n2 ÿ 1�3�n2 ÿ s4��1=2

�nÿ 1�3�nÿ s2� ; (6)

Fig. 4. Refractive index versus photon energy in the sub-band-gap region,

for the as-deposited a-Ge10As15Se75 film, in comparison with the same

plot for the As30Se70, Ge25Se75 and Ge10As40Se50 chalcogenide glass

layers.
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where

EM0 � 8n2s

TM0

� �n2 ÿ 1��n2 ÿ s2�: (7)

The absorption coef®cient, �, is then calculated, using the

relationship: � �ÿ�1=�d� ln x. Once � is known, the extinc-

tion coef®cient, k, can be easily determined from the above-

mentioned relationship, k � ��=4�, which completes the

derivation of the two optical constants �n; k�. Moreover, in

the region where the interference fringes disappear (see

Fig. 2), and the curves TM0 and Tm0 converge to a single

curve, T0, the following expression can be written [4]:

T0 � Ax

B
; (8)

and, thus,the optical absorbance can be also determined in

the region of strong absorption by:

x � �n� 1�3�n� s2�
16n2s

T0: (9)

The optical-absorption spectrum and the corresponding

plot of the extinction coef®cient versus photon energy,

obtained by using Eq. (6), are both displayed in Fig. 5

for the present representative, as-deposited thin-®lm

sample of the Ge10As15Se75 alloy. Furthermore, the values

of the absorption coef®cient for the As30Se70 [15] and

Ge25Se75 [16] binary compositions, as well as the corre-

sponding optical-absorption edge for the same ternary

composition under study, reported by El-Samanoudy and

Fadel [11], are also shown in Fig. 5, for the purpose of

comparison.

In the strong-absorption region, involving inter-band

optical transitions between valence and conduction bands,

� is given according to Tauc [18], by the equation:

���h!� � B��h!ÿ Eopt
g �2

�h!
; (10)

where Eopt
g is the optical gap and B is a constant, which is a

measure of the extent of band tailing. It is related to the

width of the band tails, �Etail, by the following expression

[19]:

B � 4��min

n0c�Etail

; (11)

where �min is the minimum metallic conductivity, n0 the

static refractive index and c the light velocity.

The values of Eopt
g and B can be readily derived by plotting

(��h!)1/2 as a function of �hw. Fig. 6 shows this curve for the

representative Ge10As15Se75 sample and for the rest of the

chalcogenide alloys shown previously in Fig. 5. On the

other hand, Table 1 shows the values of the Tauc gap,

Eopt
g , and the Tauc slope, B1/2, along with the values of

the alternative optical gaps, E04 and E03, which represent the

energy at which the absorption coef®cient reaches the

values of 104 and 103 cmÿ1, respectively. From the different

values of the optical gaps listed in Table 1, it is deduced

that all these gaps increase with increasing Ge-content,

which can be clearly explained by the fact that the

Ge±Se bonds have a much higher binding energy

(473 kJ molÿ1) than that of the As±Se bonds (96 kJ molÿ1),

and this obviously leads to much higher splitting between

the valence and conduction band states. Also, from the

Tauc slope, B1/2 � 904 cmÿ1/2 eVÿ1/2, the static refractive

index, n0 � 2.566, which will be later derived, and

�min � 300 
ÿ1 cmÿ1 [20], Eq. (11) can be solved to give

Fig. 5. Optical-absorption edge for the representative Ge10As15Se75

sample, and the corresponding absorption edges for the As30Se70 and

Ge25Se75 binary alloys. Also shown is the absorption edge taken from

[11], for the same ternary chalcogenide composition studied in this work.

The inset shows the extinction coefficient, k, as a function of photon

energy.

Fig. 6. Determination of the optical band gap, Eopt
g , in terms of the Tauc

law.

E. MaÂrquez et al. / Materials Chemistry and Physics 60 (1999) 231±239 235



an approximate estimate of the width of the band tails,

�Etail � 68 meV, for Ge10As15Se75 ®lm.

Continuing with the analysis of the optical-absorption

edge, at lower values of the absorption coef®cient

(1 cmÿ1 < � � < � 104 cmÿ1), the absorption depends

exponentially on photon energy, according to the so-called

Urbach's relationship [19] (see Fig. 5):

���h!� � �0exp
�h!

Ee

� �
(12)

where Ee is a slope parameter, typically having values in the

range 40±100 meV. Furthermore, Ee is generally considered

to represent the randomness of the glass structure. It should

be pointed out that, for values of � < � 103 cmÿ1, there is a

signi®cant decrease in the accuracy of the �-values obtained

from the optical-transmission measurements. The value for

the slope parameter, Ee, obtained from the corresponding

�-values, is �71 meV.

Finally, it should be mentioned that there is a difference of

�4% between the Tauc gap derived in the present study, and

that reported by El-Samanoudy and Fadel [11] for layers of

the same chemical composition, 1.81 eV. This difference

could be explained considering that in [11], the calculation

of the absorption coef®cients is carried out only approxi-

mately, by use of the well-known Lambert±Beer law: I � I0

exp(-�d), where I and I0 are the intensities of the trans-

mitted and incident beams, respectively. However, this

expression does not take into account, obviously, the multi-

ple re¯ections at the three interfaces of the optical system

analyzed, which can lead to serious errors in the values

obtained for �.

4.3. Analysis of the optical dispersion based on the

Wemple-DiDomenico single-oscillator framework

The refractive-index dispersion, n(�h!), of crystalline and

amorphous materials can be ®tted by the Wemple±DiDo-

menico relationship [21,22]:

n2��h!� � 1� EdE0

E2
0 ÿ ��h!�2

; (13)

where E0 and Ed are single-oscillator ®tting constants,

which measure the oscillator energy and strength, respec-

tively. The oscillator energy, E0, is an `average' energy gap,

and it scales with the Tauc gap, Eopt
g , i.e., E0 � 2� Eopt

g , as it

was found by Tanaka [23] investigating well-annealed As-S

chalcogenide glass ®lms, and also veri®ed with other amor-

phous chalcogenide materials [24±26]. Furthermore, Ed

obeys a simple empirical expression [21,22]:

Ed � �NcZaNe�eV�; (14)

where � � 0.4 eV for covalent crystalline and amorphous

materials (with � � 0.3 eV for ionic materials), Nc is the

coordination number of the cation nearest-neighbour to the

anion, Za is the formal chemical valency of the anion, and Ne

is the total number of valence electrons (cores excluded) per

anion.

By plotting �n2 ÿ 1�ÿ1
as function of (�h!)2 and ®tting a

straight line as shown in Fig. 7, E0 and Ed can be determined

directly from the slope, (E0Ed)ÿ1, and the intercept on the

vertical axis, E0/Ed, respectively. The straight-line equation

corresponding to the least-squares ®t is: (n2ÿ1)ÿ1 �
0.1790ÿ0.0129 (�h!)2, with a value of the correlation

coef®cient of 0.9996. Also, in Table 1 are listed the values

Table 1

Values of the single-oscillator energy or Wemple±DiDomenico `gap' (E0), dispersion energy (Ed), static refractive index (n0), Tauc gap �Eopt
g � and slope

(B1/2); the scatters of these optical parameters have been directly derived from those obtained by the corresponding least-squares fits. Also, two alternative

options, very often used, for the optical gap (E04 and E03), the slope parameter (Ee) and the pre-exponential factor (a0), these two last parameters associated to

the Urbach region, are all listed in this table.

Chalcogenide

alloy

E0 (eV) Ed (eV) n0 B1/2

(cmÿ1/2 eVÿ1/2)

Eopt
g (eV) E04 (eV) E03 (eV) Ee (meV) �0 (cm)ÿ1

As30Se75 [15] 3.79 21.81 2.600 1321 1.82 1.92 1.80 54 ±

Ge10As15Se75 [11] ± ± ± 811 1.81 2.14 ± 217 ±

Ge10As15Se75 3.72 � 0.01 20.77 � 0.5 2.566 � 0.001 904 � 1 1.88 � 0.01 2.04 � 0.01 1.87 � 0.01 71 � 1 3 � 10ÿ9

Ge25Se75 [16] 4.21 19.43 2.369 806 2.03 2.21 1.99 80 ±

Fig. 7. Plot of the refractive-index factor (n2ÿ1)ÿ1 versus (�h!)2, for

determination of the Wemple±DiDomenico dispersion parameters, E0 and

Ed, for the case of a Ge10As15Se75 glass film, in comparison with the same

plot for the As30Se70, Ge25Se75 and Ge10As40Se50 chalcogenide layers.
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obtained for the Wemple±DiDomenico dispersion para-

meters, E0 and Ed, and the value of the static refractive

index (calculated extrapolating the Wemple±DiDomenico

optical-dispersion equation to �h!!0), n0, for the represen-

tative sample of the Ge10As15Se75 alloy, as well as for the

As30Se70 [15] and Ge25Se75 [16] binary alloys.

From the Wemple's empirical expression for the disper-

sion energy, Ed, mentioned above, a cation-coordination

number, Nc, can be estimated using the relationship:

Nc � Ed/�ZaNe, where, in this particular case, Za � 2

and Ne�(4 � 10 � 5 � 15 � 6 � 75)/75 � 113/15. Thus,

Nc � 3.45. This value is certainly in excellent agreement

with that which would be expected for the Ge10As15Se75

chalcogenide glass. In fact, if we rewrite this chemical

composition in the following form: (Ge0.4As0.6)25Se75, a

hypothetical `cation' such as Ge0.4As0.6 could now be

considered. For this `cation', Nc could be obtained as

follows: N theo
c � 4 � 0.4 � 3 � 0.6 � 3.40. For a general

glassy composition GexAsySez, if only heteropolar chemical

bonds are considered, the expression: 4x � 3y � 2z, should

be veri®ed. Then, taking the value N theo
c � 3:40 that we have

previously derived, this last equation leads to a composition

such as Ge15As22Se63, which clearly indicates the necessary

presence of homopolar chemical bonds in the material under

study.

Furthermore, an approximate value of the optical band

gap, Eopt
g , can also be derived from the Wemple±DiDome-

nico dispersion parameter, E0, according to the already

mentioned expression, Eopt
g � E0=2, giving an alternative

value of Eopt
g of� 1.86 � 0.01 eV. This value is in very good

agreement with that determined from the Tauc's extrapola-

tion, 1.88 � 0.01 eV.

4.4. Thermally and optically induced changes of the

optical properties

Freshly-prepared a-Ge10As15Se75 ®lms were annealed at

around 133 8C (the value of the glass transition temperature,

Tg, corresponding to the bulk glassy material is � 1438C,

and it was determined by a Perkin±Elmer differential scan-

ning calorimeter, model System-8), for period of time of

about 24 h, in a �10ÿ3 Torr vacuum. As a consequence of

the thermal-annealing process, the Tauc gap increases up to

1.93 � 0.01 eV (�Eopt
g � �0.05 eV), i.e., a thermal-bleach-

ing effect takes place. A similar variation in Eopt
g has been

found for ®lms of the GexAs25ÿxSe75 ternary glassy system

[11]. The increase in the value of the Tauc gap has been

explained by the layers undergoing some atomic rearrange-

ment during the annealing treatment [27]: Some defects are

removed which, by reducing the density of dangling bonds,

re-distribute atomic distances and bond angles and, thus,

Eopt
g increases. Moreover, the optical dispersion parameters

E0 and Ed both increase when the Ge10As15Se75 ®lms

studied are annealed (E0 � 3.91 � 0.02 eV and Ed �
21.93 � 0.07 eV).

Next, the annealed Ge10As15Se75 ®lms were illuminated

(in air) for about 6 h, using a 500 W Hg arc lamp (Oriel,

model 6285), with a light intensity of � 30 mW cmÿ2

(which was measured by a thermopile). As a consequence

of the light exposure the parameters Eopt
g , E0 and Ed all

decrease (Eopt
g � 1.89 � 0.01 eV, E0 � 3.80 � 0.03 eV and

Ed � 21.03 � 0.10 eV) and, equivalently, a photo-darken-

ing phenomenon takes place: This can be explained in terms

of the photo-induced scission and weakening of intermo-

lecular bonds, which could lead to an increase in the

intermolecular distances [28]. Fig. 8 shows the shifts in

the interference-free transmission curve, Ta, as a conse-

quence of the annealing and illumination of the a-

Ge10As15Se75 ®lms. On the other hand, the refractive index

of the Ge10As15Se75 ®lms increases upon thermal annealing

(n0 � 2.571 � 0.001), whereas as a consequence of the

irradiation it decreases (n0 � 2.556 � 0.001). The changes

found in the values of the oscillator energy and strength, E0

and Ed, due to ®rst thermal annealing and then bandgap

illumination, clearly agree with those reported by De Neuf-

ville et al. [17], for chalcogenide layers of the chemical

composition Ge10As40Se50. It is interesting to note that, the

increase in the dispersion energy after the thermal-annealing

process, leads to an increase in the cation-coordination

number (Nc � 3.64). This result could be explained in terms

of a thermal-densi®cation phenomenon [27±29], that causes

a clear diminution of the interstitial volume around cation-

centered structural units and, thus, an increase in the inter-

action between structural layers. This explanation is cer-

tainly consistent with the decrease found in the ®lm

thickness (�ÿ2%). On the other hand, the decrease in

Fig. 8. Spectral dependence of the smooth interference-free transmission

curve, Ta, which is defined as the geometric mean of TM0 and Tm0 [4]; the

values of the shift of the short-wavelength edge, �E, for the cases of

thermal annealing and light exposure, are also presented.
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the cation-coordination number, as a consequence of the

bandgap illumination of the well-annealed Ge10As15Se75

®lms (Nc � 3.49), could be an indication of a photo-expan-

sion effect [28], which is, indeed, consistent with the

increase found in the thickness (��1%). Finally, it should

be pointed out that, changes in the optical properties of aged

(more than 6-months old) Ge10As15Se75 ®lms, have not been

found [30].

5. Concluding remarks

Optical-transmission spectra of thermally-evaporated

Ge10As15Se75 ®lms have been carefully measured using a

UV/Vis/NIR spectrophotometer and a FTIR-spectrometer,

which allow us to study a wide spectral region (0.1±2.5 eV);

CaF2 substrates were chosen because of their good trans-

parency also over the wide spectral range studied. The

procedures used in this work for calculating the average

thickness and the optical constants of wedge-shaped layers

of the Ge10As15Se75 ternary alloy, have been successfully

applied to layers whose average thicknesses ranged from

around 800 to 2000 nm. The non-uniformity of the thickness

found under the present deposition conditions, gives rise to a

clear shrinking of the interference fringes of the transmis-

sion spectrum at normal incidence; inaccuracies and even

serious errors certainly occur if n, �d and � are calculated

from such a shrunken transmission spectrum, under the

unrealistic assumption that the ®lm is uniform.

The method applied in this study makes it possible to

derive the refractive index and average thickness to an

accuracy better than 1%. The values of the average thickness

and thickness variation, �d and �d, were cross-checked with

those measured using the mechanical stylus instrument:

Excellent agreement between the directly-measured and

the optically-calculated values has been generally found.

Moreover, all these results have been clearly corroborated

using an independent optical-characterization method for

non-uniform thickness thin ®lms, also proposed by Swane-

poel [8,30,31]. The subsequent ®tting of the experimental

values of the refractive index to the Wemple±DiDomenico

single-oscillator model, results in optical-dispersion para-

meters directly related to the disordered structure of the

chalcogenide material. Very signi®cantly, from the above-

mentioned Wemple's empirical expression for the disper-

sion parameter Ed, a cation-coordination number,

Nc � 3.45, is derived.

The optical absorption spectra of the Ge10As15Se75 glass

thin ®lms are ®tted, in the strong absorption region, to the

`non-direct transition' model proposed by Tauc, as well as to

the Urbach's rule in the medium and weak absorption

regions. Furthermore, an increase of the slope parameter

Ee, with Ge-content, is deduced from the present study, in

contrast to the results reported by El-Samanoudy and Fadel

[11]; our results suggest that the degree of structural dis-

order in the GexAs25ÿxSe75 ternary system increases in line

with the germanium content in the chalcogenide glasses.

Also, the Tauc gap increases with increasing germanium

content.

Lastly, the changes found in the optical properties, ®rst on

thermal annealing, and then on light exposure of the well-

annealed samples, are certainly consistent with those

reported by other authors [11,17]. The reproducibility found

for all the optical parameters, after successive annealing-

illumination cycles, could be taken as unambiguous proof of

the existence of a reversible photo-darkening phenomenon.
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