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Abstract. Photo-vitrification ofAssoSe; thin films deposited observed when amsspSe; film is crystallized on a sil-
onto silicon wafer and glass substrates has been studied usiitg glass substrate [5, 6]. Going one step further, we present
X-ray diffraction, far-infrared, and differential infrared spec- here an investigation of the photo-vitrification process of
troscopies. The optical study of this photo-amorphization efAsspSe;p thin films deposited onto silicon wafer and sil-
fect has been carried out by two different methods enablingga glass substrates. This will allow us to demonstrate that
the determination of the average thickness and refractive irthe photo-vitrification is a substrate-dependent process. The
dex of a wedge-shaped thin film. The refractive-index beuse of silicon enables us to follow the changes of infrared
haviour of the as-evaporated, crystallized, and photo-vitrifiedransmission. The phenomenon is found to be reversible
Ass50Sey films is analyzed within the single-oscillator ap- and we will expound the results obtained for the first two
proach. The optical-absorption edge is described using thennealing—illumination cycles. This photo-structural change
non-direct transition model, and the optical energy gap isvill be discussed, not only in terms of X-ray diffraction
calculated. In the course of the vitrification of &s50Sep  (XRD) measurements [5, 6], but also using far-infrared (FIR)
thin film deposited on a silicon substrate the photo-oxidatiorspectroscopy, as well as differential infrared (DIR) spec-
of the film has been additionally detected and arsenic trioxtroscopy. In addition, we have carried out the optical study of
ide micro-crystals were formed on the surface of the filmthis phenomenon, using two different methods of determin-
Such oxidation has not been observed wWAbyoSe;o films  ing the optical constants proposed both by Swanepoel [7, 8],
deposited on glass substrates, which demonstrates that tivaich take into consideration the lack of thickness uniformity
photo-vitrification phenomenon depends also on the type abf the present thermally-evaporated chalcogenide glass films.
substrate. Finally, it is concluded from the optical study that

a reversible photo-darkening effect accompanies the photo-

induced vitrification phenomenon. 1 Experimental details

. . . . ; Bulk samples were prepared by direct synthesis from high-
PACS: 78.66. 78.70.Ck; 78.30.-j; 78.20. . .
CS:78.66.Jg; 78.70.Ck; 78.30.7; 78.20.Cl purity elements (5N), heated together in an evacuated quartz

ampoule, at a temperature f950°C, for about24 h After
the synthesis the melt was air-quenched, resulting in a bulk
It has been observed that amorphous chalcogenides cglass of the required chemical composition. The glassy na-
undergo many light-induced structural changes [1]. Thesture of the ingot was checked using X-ray diffraction (Philips,
photo-structural changes, when reversible, are only observedodel PW 1710). Amorphous thin-film samples were pre-
in bulk glasses or well-annealed amorphous thin films, wherpared by thermal evaporation of tAssoSe;o bulk glass onto
they can be removed by annealing near the glass transitigilicon and glass substrates, in a vacuunof0~ Torr, in
temperatureTg [2, 3]. On the other hand, except for the metala coating system (Edwards, model E306A). During evapo-
photo-dissolution phenomenon, irreversible effects generation the deposition rate was 1 nms2, this quantity hav-
ally occur in metastable thin films. It has also been showring been continuously measured by a quartz-crystal monitor
that illumination with high-intensity light can lead to photo- (Edwards, model FTM-5). Electron microprobe analysis of
crystallization of amorphouseSe [4]. the as-depositedsspSe;o thin films indicated that the film

In the present paper, a systematic study of a novel photatoichiometry is correct tet 0.5at %. The samples were
induced structural effect in amorphous chalcogenide meannealed at 150°C (Tyg ~ 164°C) for periods of time of,
terials, namely the athermal light-induced vitrification of typically, 72 hin a~ 10~ Torr vacuum. TheAssoSeyo films
Ass50Ses0 thin films is reported. Such process has only beemwere illuminated by use of &00 W high-pressure mercury
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lamp (Oriel, model 6285), through an IR-cut filter, providing  MODULUS OF THE SCATTERING VECTOR (A™")
broadband white light (significantly, with a very high UV out- 11 15 198 23 27 31 35 39
put), using a light intensity of 50 mW cnt2. The typical T T T T | T l T
light exposure time was abot0 h X-ray diffraction, using
CuK, radiation (.54A), was used to examine the glassy __ FSDP as-deposited
or crystalline nature of the films. Mass measurements wer® j
made by a microbalance (Mettler, model AE200) to checbg
possible changes as a consequence of the treatments. N
The optical transmission spectra used in this study wer%

obtained over th800-2000 nmspectral region by a double- & fg o, g
beam UV/Vis/NIR spectrophotometer (Perkin-Elmer, model E o s e o,
Lambda-19). The spectrophotometer was set with a slit widti< . A

of 1nm It was therefore unnecessary to make slit width
corrections, since that value of the slit width was muchg
smaller than the different linewidths. The area of illumi- 5 photo-vitrified
nation, over which a single optical transmission spectrunz
was obtained, was approximatelymmx 10 mm The IR

transmission spectra were measured by use of a FTIR spe | AssoSes, film deposited on glass substrate]
trometer (Perkin-Elmer, model 2000) in the energy regior : . . . . I .
720-30 cntt. A surface-profiling stylus (Sloan, model Dek- 19 20 30 40 50
tak 3030) was used to determine the thickness of the films fc 2-THETA (DEGREE)

the sake of comparison with the results derived from the Oprig. 1. XRD patterns CuK,, radiation) of the as-evaporated, crystallized,
tical transmission spectra: The thickness of the as-depositedd photo-amorphizedssoSeso thin films, respectively, on a glass substrate
films studied ranged mostly between arouf@d-1200 nm
The examination of the thin-film samples by scanning elec-
tron microscopy was carried out in a Jeol JSM-820 electrodliffraction data, seems to suggest possible preferred orien-
microscope. All measurements were made at room tempertational effects in the crystallized films. Such orientational
ture and before them, films were kept in the dark. effects, along with the extent of crystallization, have been
shown to be dependent on tAss5pSeso film thickness, when
glass is the substrate used [12]. Thus, the crystallization
2 Results and discussion. of amorphousAsspSe;o films, evaporated onto glass sub-
strates, exhibits the following characteristics, as reported
2.1 Structural analysis of the photo-vitrification process in [12]. In thin films 00-500 nn), the crystallization is
very incomplete; in medium-thickness filmB000-2000 nn)
2.1.1 X-ray diffraction study.X-ray diffraction patterns of there is only one strongly pronounced peakRaf7°, which
as-evaporated, annealed, and illuminatsgySeyo films, de-  implies a preferred orientation of the crystallites with re-
posited onto glass substrates, are shown in Fig. 1, and tlspect to the plane of the substrate. In contrast, thick films
corresponding XRD patterns dfss0Sey films, deposited (3000-5000 nm) show an XRD pattern where numerous
onto silicon wafer substrates, can be seen in Fig. 2. Note thgeaks are resolved, although the most intense peak appears
presence of the first sharp diffraction peak (FSDP) in theagain at 2 = 27.7°. Additionally, peaks at2=15.1°, 16.0°,
XRD pattern of the as-evaporat@dsoSe; film deposited on  28.4°, and32.7° are exhibited in common by both medium-
a glass substrate, and virgin and illuminafssoSe; films  thickness and thick samples.
deposited on silicon wafers. This significant feature of the Our film thicknesses, in the ran@®0-1200 nm corres-
diffraction results on amorphous chalcogenides, has been gsend to the medium-thickness case of [12]. The XRD pattern
cribed to the influence of medium-range order [9, 10], andf our AsspSes crystallized films on glass substrates (Fig. 1),
almost invariably occurs at a value of the modulus of the scatpresent the most intense peaks @t227.59 and16.20°. In
tering vector of~ 1 A~1in these particular glassy materials. addition, less intense peaks are found&215.31°, 2858,
Although most chalcogenide glasses are certainly quit9.90°, 32.64°, and48.05. If we compare these data with
reluctant to crystallizationAsseSe;o thin films deposited those obtained foAssoSe; crystallized films on silicon sub-
on either glass or silicon substrates, could be crystallizedtrates (Fig. 2), we observe that many more peaks are re-
by thermal annealing atc 150°C for around 72h and solved in the latter case. Apart from the peaks already found
comparison of the XRD patterns of the crystallized filmsin the former case (except the peak at=248.05°), peaks
with powder-diffraction data forAs-Se crystals [11], re- at 20 =23.36°, 33.06°, 34.85°, 40.45°, 41.75°, and 46.60°
vealed that the crystalline phasedsAs,Se,. It is import-  are clearly present in the XRD pattern of anneadsghSe;o
ant to note the virtual absence of the FSDP at=217, films, deposited onto silicon wafer substrates. Thus, we can
characteristic of the amorphous phase, in the crystallizedertainly assume that the crystallization process, which takes
products. It is probable that a more prolonged thermal anplace upon annealing of medium-thicknéssoSe; films, is
nealing period would lead to a further increase in the fracsomewhat different, depending on the type of substrate in-
tion of crystallized product, but this annealing was notvolved. Furthermore, the different crystallization behaviour
attempted. observed with films on a substrate, on the one hand, and
The fact that the relative peak intensities measured iiscraped films and powdered glass, on the other, clearly indi-
our experiments are different from the reference powdereates that there is a very important role played by the film—
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MODULUS OF THE SCATTERING VECTOR (A™") appear, although it becomes somewhat broader in the light-
44 15 18 23 27 31 S5 38 amorphized state. On 'ghe other har_1d_, in [5,6] a quartz—
T T 7 T . . tungsten halogen lamp is used, and it is observed that both
ILLUMINATION XRD patterns of as-evaporated and photo-vitrifies$oSeso
films, deposited onto glass substrates, show basically the
chalcogenide same features, including the FSDP. This fact may be due to
S;Sezmsmcon the remarkable difference between the spectral irradiances
substrate of the two light sources employed, since the mercury lamp
FSDE has a much higher UV light content than the quartz—tungsten
halogen lamp, and so, part of the photons will have higher en-
ergy and will obviously produce a larger degree of disorder
in the chalcogenide material. This observation suggests that
the type of radiation is another factor to be taken into account,
when anAsspSe; crystallized film is to be light-amorphized.
The crystallization—vitrification process was found to be
reversible, with both types of substrates used in this work.
That means that the photo-vitrified film, could again be crys-
tallized by thermal annealing at 150°C, and then, vitrified
@ once more by the corresponding illumination. We have per-
formed three such cycles on a representative sample, with

photo-oxidized both types of substrates.
When the time of exposure of afts5pSe;o crystallized

. - - film, deposited on a silicon wafer substrate, was approxi-
| AssgSeso fim deposited on siicon substrate] mately ([j)oubled (around0 h), we found that apart frompItJhe
10 20 30 40 50 photo-vitrification phenomenon, an additional photq—induced
5-THETA (DEGREE) effect does seem to take place, the photo-oxidation of the
_ o _ sample. Consequently, new crystalline peaks arise upon ir-
Fig.2. XRD patterns CuK, radiation) of the as-evaporated, crystallized, 5 qiation of the annealed film (see Fig. 2), which could be
photo-vitrified, and photo-oxidizeAssoSes thin films, deposited onto sili- . . s | -
con wafer substrates. The inset is a schematic representation of the annea%plamed n ter_ms of a phot_o-o>_<|dr_:1t|on of thesoSeso film
sample being illuminated, showing the possible formation of a thin layer ofand the formation of arsenic trioxide. Thus, the XRD pat-
SiSe on the interface of the amorphous chalcogenide Bith tern of the overexposelsspSe; film shows two peaks at
20 = 14.02 and 28.04° (see ASTM card 36-1490). These
findings are, at first sight, in agreement with the appearance
substrate interface, and mechanical strain is very probablyf As—O chemical bonds, as indicated by well-resolved vi-
involved. In fact, crystallization might be enhanced by crys-brational bands at arouné20 cnt® and 800 cnt?, in the
tallization centres orsi wafers or by thin layers of formed infrared transmission spectrum of the overexposed sample,
SiSe on the interface between the amorphous chalcogenidand will be discussed further below. This behaviour has cer-
and silicon. tainly not been observed before, during the athermal photo-
The crystallizedAsspSe; films were subsequently ex- vitrification process, when glass substrates were used and,
posed, in air, to white light from the mercury arc lamp for apparently, is a characteristic of such a photo-induced phe-
a period of time of aboutO h, at room temperature, which nomenon, when the layer is deposited, instead, onto silicon
caused the complete disappearance of the crystalline feasafers. The presence of chemical instability in amorphous
tures in the corresponding XRD pattern (see Figs. 1 and 2As,Se; films has already been reported by Trubisky and Ney-
This observation obviously implies the photo-amorphizatiorhart [13]. The decomposition of this chalcogenide glassy ma-
of the presentAsspSe; films, whether they are deposited terial was considered to proceed by an oxidation reaction at
onto glass or silicon wafer substrates. It is worthy of notehe surface of the film, such as:
that the temperature increase of tAespSe; films during
the irradiation process, as measured by a thermocouple cop-
veniently affixepd to the surface of theysamples, Waspnev p5258& +3/20; — As;03 4 3Se. ()
more than~ 25°C. This observation gives unambiguous
evidence of the athermal character of the photo-inducebh fact, the oxidation process represented above is highly
amorphous-state transformation. Interestingly, this temperdavourable, if we consider the calculated heat of that particu-
ture increase represents an advantage because, considar<chemical reactionanH = —124 kcaymole As,Oz micro-
ing that the photo-vitrification phenomenon was found tocrystals were identified in this case and, thus, that reac-
be thermally activated [5], witAEp, = 0.15¢eV, the illu-  tion seemed to describe the source of chemical instability
mination time necessary to vitrify the film is reduced byin a-As,Se; films. However, the possible effect of light was
around35%. not studied in those particular experiments. Comparison of
Significantly, one differentiating structural characteris-a-As,;Se; films that were stored in complete darkness with
tic of the photo-vitrification effect which takes place usingsome that were stored under daylight conditions, showed that
a glass substrate, in relation to that which occurs when a siAs,O3; micro-crystals were much more numerous on those
icon wafer substrate is used, is the total disappearance tifat had been exposed to visible white light. This observa-
FSDPin the former. In the latter, the FSDP does not dis-tion clearly indicates that there is an important role played by
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lightin this oxidation process. A similar conclusion was made
in [14]. 172138 440

Another mechanism has been proposed to explain th 240 I | | 90
decomposition 0&-As,Se; films [12]. This mechanism con- W
siders a first step in which, as a consequence of the intera @

57
. ot ; : |
tion with light, some elemental arsenic would be liberated 1* annealing 90

Subsequently, the liberated arsenic would be oxidized in th 172 138 110 |
following manner: \I/\|/’\'/

4As+ 30, — 2As,03 . (2) 920

as-deposited

o % 1*illumination 172 138 10| | 57
On the other hand, we propose that the oxidatioAsiSe; & 240 I I~ | |
films could also be envisaged by the following chemical reacg ! \/\
tion: :z’: d @ 90
2As,Se + 90, — 2As,03+6Se( . @ e 2" annealing 172 138 1|10 I

For As,Sey, we finally suggest the analogous oxidation reac-
tions, which should be:

90
2" ilumination  47p 138 110 |

AssSes + 30, —> 2As,03 + 4Se ) 240 PN 5|7
. | \Va

AssSe, + 70, — 2As;05 + 4SeG . (5)

YIRS DU S S ST U N U S W T SN S ST S T N S Y S S N
300 250 200 150 100 50
The enhanced oxidation 8is50Se;p on Si wafers can be con- WAVENUMBER, cm™!
nected W't_h the_faqt that on th_e 'merfaqe of the _amorphouéig.s. Far-infrared spectra for the as-deposited, crystallized, and photo-
chalcogenide witl8i, the following chemical reaction (P0S- amorphizedAssoSeso samples, along with those for the crystallized and

sibly enhanced by illumination) can take place: photo-vitrified AssoSeso samples, corresponding to a second cycle. There
is a box showing how the main chalcogenide stretch peak has increased as
As;Se, + 2Si — 2SiSe + 4As (6) a consequence of the first thermal annealing process

and created arser)ic is then more easily oxid_ized, acco_rding e, can then be polymerized &, chains. From those chem-
(2). Such a reaction can also proceed during annealing. Eisg) reactions, it is clear that there should be exces&sof
_therS|SQ or Si can form crystallization centres which result 5. Ag plus Se which would lead to the presence A§—As
in more pronounced X-ray patterns. bond vibrations in the corresponding IR transmission spectra.
) ) o ~ The vibrations ofAs—As bonds inAs—S system glasses can
2.1.2 Far-infrared and differential infrared spectroscopies.pe found neaf35 cnt! and vibrations ofAs-rich structural
Typical far-infrared transmission spectra for as-depositedynits in the region 0f130-260 cnt® [22]. The fundamen-
crystallized, and photo-amorphizédsoSes films, onto sil-  ta| broad band ofAsS; pyramids vibrations can be found
icon wafer substrates, are shown in Fig. 3. The as-depositefbar345 cnrl. In As—Sesystem, due t&e which is heav-
film shows a broad band in the spectral reg@®®-250cm*  jer thanS, the fundamental vibrations @fsSe; pyramids are
and five more bands at 172, 138, 110, 90, &¥Wem ™. ghifted towards lower frequencies; 240 cnt?, as pointed
The main infrared feature arour@40cmi* corresponds out before, while theAs—As vibration frequencies are prob-
to As—Se bond-stretching vibrations [15,16]. The band ataply unchanged. Due to large overlapping of both bands, the
110cm* has been assigned #&sSe; and As;Se; pyrami-  As—As bonds cannot be seen. There is another difficulty with
dal molecules [17,18], whereas the appearance of a banHe As—Sesystem spectra interpretation. The difference be-
at172cm* can be explained in terms of the deformationakween atomic weights oks andSeis low and the vibrations
As—Se-As vibrations [19]. PolymeriGSemode is observed frequencies oAs—As, As—Se andSe-Sebands in similar
at 138 cm* (bond-bending mode of thBe chain) andSes  structural units are very close. The overlapping of their vi-
rings at90 cn* [20,21]. Additionally, there is a very sig- prations can be strong, especially in amorphous solids with
nificant, strong absorption band &% cnr*. Although in  proader IR bands, and, therefore, it is difficult to separate
AssoSey there are prevailinghs,;Sey molecules, it is rea-  them and assign the vibrations to the individual modes.
sonable to suppose that during evaporation, the following The IR spectrum of the crystallizebsoSeso film shows

reactions proceed: the existence of bands at wavenumbers very close, indeed,
to those already found in the spectrum of the as-deposited
2As4Sey — 2As;Ses+ Asy + Se (7)  sample. Nevertheless, there is an outstanding difference be-
tween those IR transmission spectra: the complete disappear-
or ance of the vibrational band &% cnm!, as a consequence of

the thermal annealing process. In addition, the main chalco-
3As4Se — 4AsSes+ Asy . (8) genide stretch band seems to increase (see Fig. 3, in which
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a box has been drawn to highlight this observation), indicatan IR absorption band at arou#0 cnt2. In the experiment

ing an increase in thAs—Sebond density, as a result of the using an illumination time of 20 h oxygen atoms can also
ordering of the film, induced by the corresponding thermabe involved in the photo-induced changes, so that the excited
annealing. Itis well known [23] that virgiAs,Se; glass films  state, As*, formed in a previous stage, as pointed out before,
contain substantial density of homopolar bonds, which is noeould undergo the following pathway:

tably reduced by annealing. Considering the short-range bond

arrangement, it means that during annealing, the following, _. .
reaction proceeds: As* +1/20; > As-0. 12)
As—As+ Se-Se— 2As—Se. (9) Differential infrared spectroscopy has also been performed,

so that individual spectra were transformed into absorbance-
A two-step mechanism has been proposed for that particirequency coordinates, then the spectra were subtracted, and
lar reaction [23]: (i) A first step, namely excitation, in which the results were, finally, transformed back into transmission-
cleavage of homopolaks—As andSe—Sebonds is produced frequency coordinates. In this way, the spectrum of the over-

to yield the rather reactive, excited statds* andSe': exposed film (OE) was compared to the spectrum of the an-
nealed state of that film, and marked with the symbols, OE-A.
As—As — 2As* and Se-Se— 2S¢ . (10) The DIR spectrum OE-A displayed in Fig. 4, shows the in-

crease of absorption at arouf@0 cntt and800 cni! due
(i) A second step, namely interaction, which proceeds by reto the photo-oxidation effect, and the simultaneous decrease
action of the above excited states, as represented below: of absorption aroung40 cnt?, indicating a clear decrease of
the As—Seheteropolar chemical bonds, in the course of ox-
As* + S€ — As—Se. (11) idation. At the same time, the vibrational bands@tcnT! is
present, which, as seen previously, appears in the IR transmis-
lllumination of the crystallizedAssoSe;0 sample with  sion spectra of the as-deposited and photo-vitrified thin-layer
aHg arc lamp, gives rise to the presence again of the absorgamples.
tion band a67 cnt ! in the IR spectrum of the corresponding  Finally, the crystalline structure of the annealssoSeso
exposed sample. The absorption bands assignessteSe  film is composed oAs,;Se, molecules. These molecules have
bond vibrations, and those attributed 3@, chains andSes  a cage-like structure, in which a squareS#atoms bisects
rings, which were observed in the spectra of both, the asa distorted tetrahedron d&s atoms. The averagAs—As
deposited and crystallizefilssoSe; films, are also presentin bond length inAs;Se, is 2.57A and theAs—As—Se bond
the photo-vitrified sample spectrum. Next, #s50Se; film angle subtended at either one of the atoms comprising
was subjected to a second annealing, followed by a second ithe As—As bonds is1012°. If one compares those values
lumination treatment. The vibrational bands observed in thevith the corresponding bond distance and bond angieAs,
FIR spectra for the crystallized and photo-vitrified layers, cor2.49A and 98°, respectively, it is found that they are larger
responding to the second annealing—illumination cycle, are the case of thé\s,Se; molecule. The intermolecular dis-
also displayed in Fig. 3. From the above results, we can corances, less thah70A, are shorter than the predicted van der
clude that there is a very clear change in the vibrational ban@aals distance o4.0 A, which could be associated with rela-
at 57 cnm?, whereas the other bands remain practically untively strong intermolecular interactions. Since the present
changed. This vibrational band could be connected with somlgght-induced amorphization phenomenon is athermal, the ac-
intramolecular or lattice (blocks in amorphous solids) vibra-
tions, although the first reason is more probable. The bending
vibrations can not be excluded either.

As mentioned above, when the irradiation was prolonge: DIR - SPECTRUM
up to~ 20 h photo-oxidation of thé\sspSe;o layer occurred,
as shown by X-ray diffraction analysis. This is further sup-
ported by the appearance of IR transmission bands, at arou 800 cm™" »
620 cnt! and 800 cnT?, characteristics oAs—O bonds in  z 620 cm
a-As;Se thin films. As also indicated before, this photo—%
oxidation effect during the course of the vitrification process®
has not been observed previously, and could be character(% As-O bonds
tic of the photo-vitrification phenomenon é&s0Se; films,
when silicon is the substrate used. On the other hand, it he
been shown recently that optical illumination of arsenic se
lenide glass layers produces arsenic trioxide [23]. Howeve
rather long-time and intense illumination was needed, whicl over exposed (OE) — annealed (A)
seems to indicate thatAs,Se; films are not so much sensi- -
tive to oxidation. During the illumination of thin-film arsenic
chalcogenides, not only crystallides,O3; can be formed, but B
also amorphou#s,0s. The former can be obviously iden- 850 650 450 250 50
tified by X-ray diffraction and, also, by the presence of an WAVENUMBER, cm™’

. : . b
intense IR absorptlon ban.d at approxima®& cnt-, inthe  Fig 4. Differential infrared spectrum of the overexposed film (OE) against
corresponding IR transmission spectrum; the latter presentse crystallized sample (A)

57 cm™’
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tion of the photons must certainly be to cause chemical bon 1.0 TR T 3 Bt o7 fd )

breaking. |__|—-— substrate

A possible mechanism to explain the phenomenon wouli <5002
involve intramolecular bond breaking of covalent bonds 08 | —_— jjuminated
within the As;Se, molecular units, to yield a cross-linked - envelopes

amorphous network. Nevertheless, there is another post
bility, which would maintain the integrity of theé\s;Se,
molecules, although changes in their relative orientatior=
and spatial distribution would occur, as a consequence (2 |
photo-induced intermolecular bond breaking. It has been su¢g 04
gested [24] that, sincAs—As distances and bond angles in =
As,Se are quite different from those in pufss, as clearly
seen above, one can conclude that such intramolecular bon 0.2
are rather strainedAs a result, the electronic states associ- I
ated with these particular chemical bonds are likely to be ai

or just above, the top of the valence band. Thus, optical il 0.0
lumination might be expected, preferentially, to involve the 50 a0 750 850

excitation of such electronic states, leading to bond cleav WAVELENGTH, nm

age;As_Sebond formation could then occur between closesfFig. 5. Typical optical transmission spectra, in the short-wavelength re-
atoms of neighbouring molecules, leading to a more crosglion, for the as-deposited, crystallized, and photo-amorphisgSeso

. : s . in films, respectively. The upper and lower envelopes corresponding to
linked and disordered structure. In addition, mtramOIecu'ame as-deposited film, are also presented as a representative example. In

AS—SQ bonds may also be broken upon irradiation, givingaddition, a diagram showing a weakly absorbing thin layer with a linear
rise to intermoleculaAs—Sebond formation. variation in thickness on a thick transparent substrate

Finally, a comparison of Raman spectra of crystallized
and photo-vitrified layers shows that the spectrum of the for-
mer exhibits many narrow peaks characteristic of a molecular
solid, whereas that of the latter exhibits instead just a sinwere in excellent agreement with the values calculated by
gle broad peak, characteristic of a cross-linked amorphoube optical procedure — the difference being less tB%#n
solid [24]. The obtained values of the geometrical parametdrshow

that it increases with the different treatments. HgoSes

2.2 Optical study of the athermal photo-amorphization thin films submitted to a second annealing—illumination cycle

phenomenon show a higher degree of morphological alteration. Thus, tak-

ing into consideration that the applicability of this first opti-

The optical study of the athermal photo-amorphization pheeal characterization method is limited by the aforementioned
nomenon has been carried out by two methods proposemndition, O< Ad < A/4n, an alternative procedure [8] was
both by Swanepoel, enabling the determination of the averagesed. This second method is based on the transmission spec-
thickness and refractive index of a wedge-shaped thin filmra at normal and oblique3(°) incidence, and allows de-
The first one is based on creating the upper and lower enermining the average thickness and refractive index of the
velope curves of the optical transmission spectrum. In thisamples corresponding to the second annealing—illumination
particular method, it is assumed that the layer thicknéss, cycle. A detailed explanation, and the results obtained by
varies linearly over the illuminated area, so that the thicknesthe application of this second optical characterization proced-
is: d=d=+ Ad (see Fig. 5). Parametexd refers to the ac- ure to the thin-film samples that were subjected to a second
tual variation in thickness from the average thickngs$he annealing—illumination cycle, can be found in our previous
expressions for the top and bottom envelopes of the transmisgrork [28].
sion spectrum, in the transparent region, are given as (11) and The decrease in the average thickness of AkgSe;o
(12) from [7]. If the refractive index of the substrate alone isfilms due to annealings 5%, is a sign of a thermal densi-
known, the above expressions are two transcendental equ&ation process (changes in the mass of the films were not
tions with only two unknown parameters: the refractive indexobserved), which leads to a structural compression as a conse-
of the thin film, n, and the geometrical parametérd. The  quence of the crystallization of the films. On the contrary, the
validity range of this equation set is:<0Ad < A/4n, » be-  increase found in the average thickness of the filmg%o,
ing the wavelength of incident radiation. All details aboutwhen they were exposed to bandgap light, could be a conse-
this first optical characterization procedure can be foundjuence of the photo-induced scission and weakening of inter-
in[7, 25, 26]. molecular bonds, leading to an increase in the intermolecular

Figure 5 shows the optical transmission spectra correseparations, i.e., to an increase in free volume [29]. A subse-
ponding to the as-evaporated, crystallized, and photo-vitrifiequent thermal annealing of the thin-film sample would restore
Ass0Ses films, for the first annealing—illumination cycle. The the chalcogen atoms bordering internal surfaces to their ori-
envelopes were carefully drawn using a computer prograrginal positions, thereby decreasing again the volume of the
created by McClain et al. [27]. The average film thicknesssample. It is known that the free volume of amorphous solids
and thickness variation obtained by this particular opticals higher than that of crystalline solids.
characterization method from the spectra shown in Fig.5, From the values of the refractive index obtained, using
are given in Table 1. In all cases, the film thicknesses deteeither of both optical characterization methods, its spectral
mined by mechanical measurements on the same film areatgpendence is fitted to the Wemple—DiDomenico dispersion
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relationship [30], that is, the single-oscillator model: T I R R AR AR R

E 3.0
EoEqd z
=n? = = 0.24 | £ -
e1(hw) =n(hw) =1+ ES ~ he)? (13) } :%_I 28}
[&]
whereh is Planck’s constant divided byr2 he is the pho- r ﬁ% 26
ton energy,Eo is the single-oscillator energy (typically near 7. 020 - no)=2525 W | .
the main peak of thes(hw) spectrum) andEq is the dis- 7/ K 24l

1000 1500 2000 2500
WAVELENGTH, nm

N

persion energy. By plottingn? —1)~! against(hw)? and ‘&
fitting a straight line as shown in Fig. &y andEq are deter- 0.16 N ]

mined directly from the slopg,EoEq) %, and the intercept, ;Ki(°)=2-63° ~——
Eo/Eq, On the vertical axis. The values of the dispersion pa . "‘M —~— \J
rameterskEq and Eq for the as-evaporated, crystallized, and - —_ ‘@j

o . K . . ©— as-evaporated
photo-vitrified films are listed in Table 1 (two annealing— 012 a— annealed

illumination cycles). The trend oEy is such that it is veri- e luminated

fied thatEq ~ 2 x Eg”, Eg™ being the optical band gap that o T T, S
will be introduced below (see Table 1) [31], wherdagsac- 2
. - . ’ .. PHOTON ENE

cording to Wemple and DiDomenico obeys the empirical ONENERGY, ev

relation [30, 32]: Fig. 6. Plot of the refractive-index factom?— 1)~ vs. (hw)?, for the as-
deposited, crystallized, and photo-vitrified films, respectivel§0) values
are the refractive indices extrapolated towahds= 0. The inset shows the

Eq = BNcZaNe(eV) , (14) refractive index vs. wavelength

where N; is the coordination number of the cation nearest-

neighbour to the anionZ, is the formal chemical valency

of the anion,N¢ is the effective number of valence electronsvirgin and annealed films. On the other hand, if we compare
per anion ang = 0.37+ 0.04 eVfor covalent crystalline and the Eq4 values corresponding to the annealed and illuminated

amorphous materials. samples, it is found that there is a very large decrease of
According to Wemple, the following relationship was pro- ~ 24% in this particular case, and there is a parallel decrease
posed [32]: of the mass density ot 4%. The extra2(0% reduction in the
Eq4 value could, in principle, result from a decrease in the ef-
E3/E5 = (0%/0") (NG/NZ) . (15) fectiveAs coordination number.

Any of the aforementioned mechanisms proposed to ex-
wherep is the mass density (we could instead use the filnplain the photo-vitrification process which, involve either
thickness), and ‘a’ and ‘X’ refer to the amorphous and crysintramolecular or intermolecular bond breaking, would ob-
talline forms, respectivelyln order to explain the varia- viously lead to a temporal decrease in coordination. How-
tion in the oscillator strength observed when an as-depositegler, this is also followed by the creation of new bonds
Ass50Sey film is annealed, or a crystallized film is illumi- after which the initial coordination may be restored. Thus,
nated, we have to take into account the thermal densificatioh seems reasonable to suggest that the effective coordina-
process in the first case, and the photo-induced volume expatien of the As atoms would not finally decrease, as a con-
sion in the second. We will now point our discussion to thesequence of the bond breaking. Furthermore, if some homo-
first annealing—illumination cycle (although this analysis ispolar As—As bonds are broken and new heteropdiarSe
also qualitatively valid for the second annealing—illuminationbonds are formed, that could change the nature of the chem-
cycle). As a consequence of the annealing process, an iical bonding towards ionic, which would change the param-
crease ofx~ 7% is observed in theey value. Then, if we eter 8 towards the smaller ionic value (in this particular
make use of (15), we find that the difference betw&gn case,8 = 0.26+0.03eV). Nevertheless, according to Paul-
before and after annealing, is less th2d; therefore, the ings’ electronegativities, the ionicity dfs—Sebond is only
small change i\ indicates a rather insignificant change in ~ 4%, so a small part of changed bonds fréks—As to
the average coordination number in the short-range regios—Se can influence the ionicity of all bonds only a little.
Additionally, Eq4 calculated from (14) (consideriny. =3,  In addition, it should be pointed out that in ionic materials
Zy=2,andNs = (50x 5+50x 6)/50= 11 [32]) was found the more pronounced s—p splitting leads to s-like bands well
to be 2442+ 2.6 eV, that is, allowing the corresponding scat- below p-like bands, thus decreasing notably the parameter
terin B, Eqis certainly close to the experimental values of theNe [33].

Table 1. Values of the average thickness,

3 opt
thickness variationAd, dispersion parameters, State d/ Ad/ Eo/ Eq/ Egp/ :I.B/;/Z/—l/Z
Eo and Eq (single-oscillator analysis), optical nm nm ev ev ev cm-<eV
band gapEg™, and Tauc slopeBY/2 (Tauc's ex-
trapolation), for theAsspSeso chalcogenide thin ~ As-evaporated 111910(0.9%) 18+1 4.07+0.02 2408+0.1 187+0.01 785+ 1
films under study First annealing 10664 11(1.1%) 28+1 3924+0.03 2586+0.2 1.81+0.01 770£1
First illumination 1109 19(1.7%) 34+2 364+0.03 1956+0.2 178+0.01 770+ 1
Second annealing 93035(3.8%) — 383+0.04 2468+0.2 1.81+0.02 7732

Second illumination 103@39(3.8%) — 3.68+0.04 2059+0.3 173+0.02 7654
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On the other hand, continuing with the calculation of PR + annealed 7
the optical constants, in the region of strong optical ab: 0 ] ] /
sorption, the procedure to obtain the absorption coefficier 300

1 exposed

of non-uniform films is identical to the case of uniform & 104;_
films [7]. In this region the transmittance can be written® 5 b
in terms of the optical absorbance, by (22) from [34]. % L

This optical parameter is related to the absorption coef$ 200 103k
ficient, o, by the relationship:xx = exp(—ad). Since the §
optical absorbance and the average thickness are alreaw" I
known, the above relationship can be solved &rthus =& I as-deposited |
yielding the absorption coefficient. The optical-absorptior 3

edges for theAssoSes thin-film samples are displayed in =~ 100 - i
the inset of Fig. 7. A clear shift to lower energies as a con EP-181ev 1/

sequence of both annealing and illumination is clearly ob gm /] / ESP_187ev
served. In the high-absorption regiom $ ~ 10*cm™1), r Eg =178eV, \//// s

assuming parabolic band edges and energy-independent n 0 —
trix elements for interband transitions, the absorption co 14 16 18 20 22

efficient is given according to Tauc [35] by the following PHOTON ENERGY, eV
equation: Fig. 7. Determination of the optical band gap in terms of the Tauc law, for
the as-evaporated, annealed, and illuminated films, respectively, and in the
2 inset the corresponding optical-absorption edges
(hw - EOpt)
9
how ’

a(hw) = B (16)

, i i films deposited onto glass substrates, differs from that which
whereB is an energy-independent constant, directly relate¢akes place when those films are deposited onto silicon
to the width of the band tails\ E(tail). Formally, the optical \yafer substrates. The XRD patterns of the as-evaporated
gap is obtained as the intercept of the plot@ifiw)”/? against  As. se, films, deposited onto glass substrates, and of the
hw. This graph is shown in Fig. 7 for the as-evaporated, angirgin and illuminatedAssoSes films, deposited onto sili-
nealed, and illuminatedssoSeso thin-film samples; the cor- o wafer substrates, show the significant presence of the

. t
responding values of the Tauc gas”, and slope,BY2,  FSDP at a value of the modulus of the scattering vector
are listed in Table 1. The values of the Tauc gap, thus deteff ~ 1 A-1.

mined, lead us to the conclusion that a clear reversible photo- comparison of the reversible photo-vitrification phe-

darkening process accompanies the present photo-inducggmenon of crystallizedssoSe layers deposited onto glass
vitrification phenomenon. This conclusion is clearly sup-sypstrates, when those thin-film samples are exposed using
ported by the above-mentioned FIR results. It is well knownyyo |amps with different spectral irradiances (mercury and
that As—As bonds play an important, although not predom-quartz—tungsten halogen lamps), leads us to the conclusion
inant, role in reversible photo-darkening in well-annealedpat the radiation source is another relevant factor to take into
As-rich chalcogenide samples [3,29]. An increase in theyccount with regard to these experiments. Finally, an addi-
As—As bond concentration as a consequence of illuminational photo-induced change has been detected when silicon
tion, leads toa decrease qf the Ta_uc gap, owing to formatio the substrate used: The photo-oxidation of AsgoSeso
of electronic states associated with such bonds, at the Qhalcogenide film, with the corresponding formation of ar-
of the valence band. Similarly, the subsequent annealing @fenic trioxide micro-crystals, and depends strongly on the
the sample will lead to a decrease in the—As bond con-  time of exposure. No similar behaviour has been observed
centration, and therefore, to an increase of the Tauc gapith glass substrates.
because breaking oAs—As bonds will replace electronic The morphological changes undergone by the wedge-
states in the_ gap associated with these homopo.lar bond@mapedASwSeo—o chalcogenide films, because of the succes-
by non-bondingAs states located near the conduction bandsjve thermal and optical treatments, made it necessary to
edge. use two different optical characterization methods for non-
uniform thickness layers. One of them is based solely on the
optical transmission spectrum at normal incidence, whereas
3 Conclusions the other is based only on the wavelengths of the tangent
points of the upper and lower envelopes with the transmission
The crystallization of amorphouésseSe;p thin films is  spectrum, at normal and obliquel) incidence. The values
shown to depend strongly on the type of substrate used. A dibf the optical constants and Tauc optical gaps derived by the
ferent crystalline structure has been obtainedAsgSe,n  aforementioned useful procedures, clearly evidence that a sig-
layers, evaporated onto glass and silicon wafer substrates, mn@ficant reversible photo-darkening process accompanies the
spectively. With the annealing temperature used in this workpresent photo-induced amorphization phenomenon.
~ 150°C, the crystallization process has been found to be re-
VerSibIe-’ whether a glass_ or silicon substrate is involved. T-he knowledgementsThe authors would like to acknowledge some discus-
crystalline products obtained at the above temperature exhi ns with Dr. L. Ticly (Joint Laboratory of Solid-State Chemistry, Pardu-

the athermal phot.o-almorphization phenomepon. Howevegice, czech Republic). This work was supported by the CICYT (Spain),
the photo-amorphization process of crystallizAg50Se;p  under the MAT98-0791 project.
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