Journal of Optoel ectronics and Advanced Materias, Vol. 3, No. 2, June 2001, p. 311 - 317

LIGHT INDUCED CHANGESIN THE OPTICAL PROPERTIES OF THIN
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In this paper we report results from studying changesin the optical properties of thin vacuum
deposited films from the systems As;04GeSso (0 < X < 40) and (AS:S3)100xBi(THx (0 < X <
15) depending on the composition and conditions of evaporation and illumination to light.
The optical transmission and reflection of thin layers deposited on BK-7 optica glass
substrates have been measured in the spectral region of 350 - 1500 nm and the refractive
indices and optical band gap Ey were calculated. It was found that the method of evaporation
influences considerably the properties of thin chalcogenide films. The addition of Bi or Tl in
As,S; leads to an increase in the refractive index while Ge causes its decreasing. The
illumination of as-deposited films leads to an effect of photodarkening and decreasing in the
optical band gap for As-containing films and photobleaching for As - Ge - S layers. Using
TRR,, methods (R, is the reflection of 100 nm thick films deposited on Si substrate), the
thickness of very thin layers from the sysems As- Sand As - S - Ge have been determined to
an accuracy of +2 nm. At the same time, the accuracy in the determination of the refractive
index, n, was less than £0.005. For the absorption coefficient, k, around the absorption edge,
it was about £0.01, using a combination of TTR,, and TR methods. A comparison between
the results obtained from the spectrophotometric and ellipsometric measurements has been
made.
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1. Introduction

Chalcogenide glasses are one of the most widdy known families of amorphous materials and
have been extensivey studied for several decades, partly because of ther interesting fundamental
properties and partly because of their many potential applications in optical imaging, optical recording,
infrared optics, and more recently, optical communications [1-5]. The determination of the optical
constants is of great importance for understanding the mechanism of the optical processing and for their
utilisation in practice. Because glassy As;S; is known as a stable stoichiometric binary compound, the
systems As - S - Ge(Bi, Tl) have been chosen to continue our previous studies [6-9]. A number of works
exist which trace the influence of compasition and preparation conditions of thin films on the physico-
chemical properties, and the changes in them induced by light. The structural changes in these materials
arerdated to the changein their optical properties.

Various methods exist for determining the optical constants of thin films from the coefficients
of transmission T and reflection R, or via their combination [10,11]. All these methods are based on the
Swanepod’s method and different computer programs for calculation the optical constants and film
thicknesses. As the film structure depends strongly on the conditions of evaporation there are some
differences between the published data in the literature. The aim of the present work is to report results
from a study of changes in the optical properties of thin As - S - Bi(Tl) films, depending on the
composition and light illumination as well as to determine the optical constants of very thin As- S and
As- Ge- S, using triple T, R, R, methods [12, 13]. The major advantage of these is the smultaneous
determination of d and the optical constants (n, k). The combination of triple and double TR methods
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results in a very accurate calculation of n and k [14, 15]. A comparison between the data, obtained by
these methods and the dlipsometric measurements of the same films will be presented.

2. Experimental

The synthesis of the bulk samples as accomplished from starting substances (As, Ge, S, Tl and
Bi) of 99.999 % purity, heated in a quartz ampoule at 970°C for 10 hours (As - Ge - S glasses) and at
870°C for 12 hours (As - S - Bi and As - S - Tl glasses). Thin films were deposited at room
temperature onto optical glass substrates BK-7 and Si wafers in a high vacuum of 10° Pa by thermal
evaporation of previoudy weighed quantities of glasses with a residual in the boat. The compasition of
the bulk materials as well as the thin films was determined in a Scanning e ectron microscope with a X-
ray microanalyser (Jeol Superprobe 733, Japan).(For bulks it was generally = 1 at.% of the expected
compositions). The exposure was carried out in air with a halogen lamp (20 mW/cn), for saturation
times experimentally established for each compasition. The film transmission T was measured with a
spectrophotometer (CARY 05E, USA) to an accuracy better than + 0.1 %, and the absolute reflections
R, Ry and Ry, were measured with VW accessory to better than = 0.5 % in the spectral range 350 to
1500 nm. The dlipsometric measurements were carried out at three angles of incidence of light (45, 48,
50 °), at A = 632.8 nm, using MAI-dlipsometry.

3. Results

3.1. Optical properties of thin As- Sand As- Ge- Sfilms

The optical constants of thin AsS;0x (28 < x < 45) and AsGeSe (0 < x < 40) films
deposited by thermal evaporation with a deposition rate 1.0-1.5 nnmv/s were calculated. The evaporation
process was stopped when the film thickness was about 1000 nm with a residual in the boat. The
refractive index and thickness were calculated from the transmission spectra using Swanepod’ s method
and a computer program developed by Konstantinov [13].
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Fig. 1. Optical transmission of various chalcogenide thin films, T, vs. waveength, A, before
and after illumination. This compositions are the ones exhibiting the largest light-
induced changesin optical properties.

In Fig. 1 the plots of the optical transmission of various chalcogenie thin films versus
wavedength, before and after exposure to light were presented. The compositions are the ones exhibiting
the largest light-induced changes in the optical properties. It was found that after illumination the
absorption edgefor As - S - Bi(TI) thin films shifts to the longer wavel engths (effect of photodarkening)
while for the As - S - Ge system the effect was of photobleaching. In the system
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As - Ge - S the highest shift in the absorption edge (AN = -30 % at T = 20%) and the refractive index
(A n =-0.07) were found for the composition As;0GexSs. When Ge content increases the changes in
the optical properties decrease. The thickness to an accuracy of £ 1-3 nm and the optical constants of
chalcogenide films (100 nm thick) were determined by two triple (T, R;, Ry,) and (T, Ry, Ry,) methods
[12]. The subscripts f and b denote the light reflection from the film side and from the substrate (BK-7)
side, respectivdy, while m represents the reflection of the same film deposited on a Si wafer. Table 1
shows the main data for the thickness of thin As - Ge - S films determined by UV-VISNIR
spectrophotometry using T, R, Ry method and by dlipsometry. It seems that no difference in the
thickness values of thin films from the investigated system.

Table 1. Datafor the thickness of thin As-Ge-S films determined by UV-VIS-NIR
spectrophotometry using a T, R, R, method and by ellipsometry.

Composition (T, R, Rm) method Ellipsometric
d unexp [NM] d exp [NM] d unexp [NM] d exp [NM]
ASS; 70+1.0 68+ 1.0 69.4+0.1 69.5+0.2
AS30Ge10Ss0 95+15 91+ 2.0 93.6+0.2 91.5+0.1
AS0GE0Ss0 80+1.0 85+.1.3 81.8+0.2 86.2+ 0.2
AS10Ge3Ss0 52+1.0 57+10 53.6+0.2 57.7+0.3
GeS, 48+ 15 50+ 1.0 47.0+0.2 49.7+0.2

The most accurately calculated film thicknesses were used for the determination of the optical
constants by double (T, R¢) and (T, Ry,) methods, using the Newon-Raphson's interative method [14].
For each of the applied methods for determining the optical constants and thickness, the absolute
maximum errors were evaluated [15]. From the relationship d = f(A\) = cons, obtained by the triple
methods, the physically corrected solutions for d were isolated. The determined by UV-VISNIR
spectrophotometry optical constants depending on the film composition were compared with the data
obtained on the same samples by MAI-dlipsometry (Table 2). It was found that the refractive index, n,
had a maximum value for the AsSeo films. After exposureto light to saturation nincreases for all thin
AsSinx films while the thickness decreases. The highest change in n was observed for As,Se layers
(A n=0.12) (Fig. 2). The same dependence of n = f(A) for unexposed and exposed thin As- S and As -
Ge - Sfilmswas observed when (T, Ry) and (T, Rp) methods were used (Table 2).

Table 2. Data for the refractive index of thin As-Ge-S films with thickness of 2000 nm and below 100
nm at A=632.8 nm obtained by UV-VIS-NIR spectrophotometry (1) and by €lipsometry (2).

Thin films 1000 nm thick Thin films about 100 nm thick
Composition Unexposed Exposed Unexposed Exposed

1 | 2 1 2 1 2 1 2
AS,S; 244 | 2458 | 256 | 2531 246 | 2490 | 255 | 2581
AsxS,, 233 | 2428 | 240 | 2417 233 | 2414 | 242 | 2456
As3Ss7 243 | 2422 | 250 | 2441 242 | 2450 | 247 | 2520
ASSss 243 | 2456 | 252 | 2553 245 | 2454 | 254 | 2553
As10GexSs0 232 | 2336 | 223 | 2.258 234 | 2327 212 | 2201
As0GExSe0 235 | 2369 | 230 | 2.280 234 | 2388 | 223 | 2281
AszGe10Seo 245 | 2431 | 244 | 2415 246 | 2556 | 246 | 2552
GeS, 215 | 2131 | 211 | 2.09 212 | 2131 202 | 2.027

The calculated values of the absorption coefficient, k , from the above mentioned methods were
used for calculation of the absorption coefficient a (o = 4Tk/A). Fig. 3 shows the plots of the (ahv)*?
= f(hv) dependence. When Ge was added to As,S; the optical band gap, Eg, increases for the unexposed
layers. After exposure to light Ey increases and the biggest change AE; = 0.21 ev was observed for thin
film with composition AsxGexSe (Table 3). The results for the composition dependence and the
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influence of the light obtained by refractive dlipsometry were in a good agreement with the data from
the transmission spectrophotometry. It was found that k = 0 when the optical constants were detrmined
at 3 different angles of incidence of light on the sample and the cal culated values of n at 45, 48 and 50°
show that both unexposed and exposed thin As - S and As - Ge - S films are homogeneous.
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Fig. 2. Refractive index, n, vs. wavelength, A, for various chalcogenide thin film samples
before and after illumination. These compositions are the ones exhibiting the largest
light- indused changesin optical properties.
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Fig. 3. Optical absorption edge (ahv)Y? vs. energy of photon (hv)
for unexposed and exposed thin As-Ge-Sfilms

Table 3. Data for the optical band gap of unexposed and exposed thin As- Ge- Sfilms.

Composition Eg unep. Egexp. ARy

[eV] [eV] [eV]

ASS: 2.38 2.33 -0.05

AsGe1Se 2.42 2.49 +0.07

ASxGex0Sso 2.24 2.45 +0.21

Asi0GenSe 2.27 2.39 +0.12
GeS, 2.53
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3.2. Optical propertiesof thin As- S- Bi(TI) films

Thin films (1000 nm thick) from the system As - S - Bi(Tl) were deposited by thermal
evaporation of bulks with compositions AszSssBis, ASssSseBis, ASzSs4Bi1o, ASseSssT |3, ASssSseTls and
AsxsSTlyo, It was found that the absorption edge of unexposed thin layers was shifted to longer
wavedength increasing the Bi or T content in As,S; (Fig.1). After exposure to light an effect of
photobleching occured. The largest value of the shift of the absorption edge, AN, was observed for thin
films with compositions AszSseBis (AN = +15 nmat T = 20%) and ASzSseTlg (AA = +26 nm at T =
20%). Anincreasein the Bi or T| content leads to decreasing in the shift of the absorption edge.

From the transmission measurements we have calculated the refractive index of thin films from
above systems. It was found that the values of n increases for the both systems (As - S - Bi and
As- S- Tl) and the maximum changesin n was observed for thin layers with the same compositions -
ASzSsgBiz (An = 0.10) and AszSssTlg (An = 0.16) (Fig.2). In the same time a decrease in the film
thickness after exposure to light was found (for the composition AsgSssTls Ad = -15 nm).

In Table 4 the dlipsometrically determined values of n and d of thin As - S - Bi(Tl) films are
shown. The calculated optical constants considerably differ comparing them with those determined by
UV-VISNIR spectrophotometry for both unexposed and exposed thin films but the composition and
exposure dependence was the same.

Table 4. Datafor nand d for unexposed and exposed thin As-S-Bi(Tl) films.

Composition N nexp Nexp d unexp [NM] d exp [NM]
AS3SeBis 2.477 2.450 1014 978
2223?:2 2,367 2,353 1118 1117
ASxSs.Tle 2.367 2.493 1036 1037
Ass6Ss4Tlio 2.712 2.832 930 877
2.599 2.632 1073 1044

3.3. Optical absorption of thin As- S - Bi(TI) films

In the case of the amorphous chal cogenide semiconductors, the optical absorption coefficient, o
, changes rapidly for the photon energies comparable to that of the band gap, Eg giving rise to an
absorption edge. Three regions can be distinguished: at the largest photon energies (a = 10* cm™), in the
region of the edgeitself (10 < a < 10*cm™) and at the lowest photon energies (a < 10 cm™). Theregion
with high absorption is characterised with interband transitions between valence and conduction bands,
while in the last region transitions between (defect) states in the gap and the bands take place [16].

At the highest values of the absorption coefficient, a , when the condition ad > 1 takes place,
the absorption coefficient, a, should be calculated from the equation

T=(1-R)’exp (- ad), (1)
where T is the transmittance, R is the reflectance, a is the absorption cogfficient and d is the film
thickness.

Under certain conditions, the absorption coefficient in the region (10* < o < 10° cm™) exhibits a
power-law dependence on photon energy hv if the densities of states in the valence and conduction
bands also have a power-law energy dependence in the vicinity of the gap. In the special case, where
both valence and conduction band edges have a parabolic shape. According to Mott and Davis the
absorption coefficient is connected with the photon energy by the equation

(ahv)=B (hv-E) @

where B is a substance parameter, h is Plank constant and v is the frequency. Usually B depends on
the width of the localised states in the band gap, which existing is due to the homeopolar bonds in the
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chalcogenide glasses. Thus Tauc plots of (ahv)”? versus hv should be linear and extrapolate to values
of the (optical) gap, E,.
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Fig. 4. Optical absorption edge (ahv)™? vs. energy of phaton (hv) for unexposed and
exposed thin As- S- Bi(Tl) films.

Figs. 3 and 4 represent plots of (ahv)*? vs. hv for various unexposed and exposed thin films
from the systems As - Ge- Sand As - S - Bi(TI). It was found that the optical band gap decreases for
as-deposited As-S thin films increasing the As content (E; = 2.53 eV for As;S;, and E; = 2.36 eV
AsisSss (Fig.3). After exposure a decrease in Eg occurred and the highest change was for thin AssSss
films (AEy = -0.05 eV). This decrease in the optical band gap could be connected with the increase in
the constant B, which according to Mott and Davis is due to the increasing in the structural ordering.

The plots of (ahv)¥2 vs. hv for unexposed and exposed As - S - Bi films depending on Bi
content are shown in Fig. 4a. In the range of high absorption the linear dependence retains and it is
evident that the absorption edge shifts to lower photon energies as the Bi content increases. The band
gap for the unexposed films decreases from Eg = 2.39 €V for Asugse 10 Eg = 2.06 €V for AszSsiBiso).
For as-deposited As - S - Tl films the optical band gap decreases to 2.16 eV for thin AszSs, Tl films
(Fig. 4b) [9] In the same time the slope of the absorption coefficient decreases because of a decrease in
disordering. The values of B decreases from 777 cmi?eV %for AsxSssBis to 563 c”%evY? for the
composition AszsSs4Bigg. After exposure of thin As - S - Bi(TI) films, the absorption edge is shifted to
longer wavelengths - an effect of photodarkening is observed. The optical band gap decreases for both
systems and the largest changes were found for composition Asz;SssBis- Eg = 0.04 V) (Fig. 49).
The decrease in the band gap with an increased Bi or Tl content occurs because the latter creates
localised states in the band gap.

4. Discussion

It should be noted that thin As-containing chalcogenide films represent inorganic polymers with
specific branched polymer structure According to some authors, the as-deposited As - Sand
As - S - Me layers are a heterogeneous mixture of structural units of thetype As;Ss, A$iSs, ASiSy, ASy,
Sg, TIASS,, TIzASS; or BiSs. In As,S; glasses the AsS; trigonal pyramidal units are linked by the
sulphur atoms. It was suggested that the addition of TI,S to As;S; glasses breaks some As - S - As
bridges in order to form new bonds between dectrically charged ions. On illumination, polymer-
destrucive changes occur leading to the weakening of some bonds and to stregthening of others. The
existence of structural changes in such chalcogenide films on illumination is supported by changes in
their optical properties (the shift in the absorption edge, the refractive index and the optical band gap).
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The addition of Tl or Bi to thin As - S - Bi(TI) films leads to the increase of the refractive index and
decrease of E;. Adding Tl to As,S; the average bond strength of the compound decreases and hence Eg
will decrease. For better understanding the nature of the photostructural changes we need some IR and
Raman investigations.

5. Conclusions

Bulk glasses from the systems As - S - Gg(Bi, |) have been synthesized. The results of the
X-ray microanalysis performed that the compositions of the bulks samples as well asthin As- S - Ge
films are very close to the expected compositions. Some differences were observed in the compositions
As - S - Bi(TI) films connected with the evaporation conditions. From the transmission and dlipsometic
measurements the optical constants have been determined and the influence of the composition and light
illumination has been demonstrated. For their precise calculation it is necessary to utilise both
transmission and elipsometric measurements. The results confirm for the first time the viability of the
double and triple methods used for determining the optical constants of very thin vacuum deposited
homogeneous As - Sand As - Ge - Sfilms to a very high accuracy. The great changes in the optical
properties of some of the investigated chalcogenide films make possible their application as optical
recording materials.
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