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Abstract

Amorphous selenium(aSe) is _thesimplest model material for investigation of theeslivknown
photoinduced structural and optical transformationamorphous chalcogenides. Since a lot of paransetnd
characteristics of materials essentialy change nahoscale, we applied nanostructuring to a-Se in
nanomultilayers, obtained by pulsed laser depasitibhe enhancement of photo- and thermally-induced

crystallization was observed in a-Se/aluminosibcatnomultilayers due to the initially heterogersestate of

Se in such samples, in comparison with single dagpers
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1. Intr oduction

Selenium is a well-known, most investigated anddusemiconductor materigalso see exampled-

3]), which hasa number of allotropic forms (a-, B-monoclinic, rhombohedral, trigonal, amorphous gfaksy
[4]). These forms can be comparatively easily trarmaéml due to the unique flexibility of the structuwéhich
may consist of eight-numbered rings, chains, séparmlecules or their mixture. Amorphous seleniarg)
films are among the simplest and the most easiyidated (by low temperature vacuum evaporation)

amorphous, photosensitive semiconductors, have bged_dong time in electrophotography and nowadays in

X-ray imaging [5] At the same time, a-Se films are rather unstaliley tundergo structural transformations,

crystallization during heating and/or illuminatiomhich is obviously connected with the above meamdid
structural peculiarities as well as with the preseof impurities and/or defects which enhance afljzition
[6]. That is why a-Se may be considered as a simpfesiel material for investigation of the well-knowand
applied photoinduced structural/optical transfoiowd in amorphous chalcogenides (see for exampEJ[) It

exhibits photo-darkening, but the intense lasenilhation or the thermal erasing of the darkeniggabnealing
temperatures above the softening of a-e=(32 °C) may result in crystallization [11]

Since a lot of parameters and characteristicsadérals essentially change at nanoscals,jitteresting
to apply nanostructuring to Se, especially takingp iaccount the diversity of nano-dimensional fregta
composed of rings, chains and cluste@antum-size effect of blue-shift of the opticalsalption edge,
increased thermal stability as well as photo-induggerdiffusion were observed in a-Se/chalcogemjibess
nanomultilayers (NMLs) like a-Se/AS;, obtained by cyclic thermal evaporatifit®, 13]. Thermally evaporated
NMLs were amorphous as well as the amorphous soligtions like As-S-Se glass resulting from thenstated
interdiffusion in such NMLs. The chalcogenide/cloglenide NMLs, prepared by pulsed laser deposifihD)
methodusually exhibit the same photoinduced effectsrahiffusion under illumination. PLD makes possitde
prepare NMLs from multicomponent chalcogenide gdaswith higher softening temperatures (for example
GeS/Ge Se) but the whole structure seems to be chaséered due to the deposition conditigh4 15].

In this paper we present investigations of puldzsler deposited NMLs, which consist of few
nanometers thick alumino-silicate (AS) diffusiomliing barriers and a-Se light-sensitive layerswimich the

structural transformations are essentially stinedat



2. Experimental
The a-Se/AS NMLs were fabricated using bulk amorgh&e targets (typically ®9.999% purity) and

AS hot-pressed targets. The AS polycrystalline targeteeveeepared from commercial kaolin in carbon matrix

at 1100 °C under _a pressure of 40 MPdt was the product o€eske Lupkove zavody, Inclt consists of

alumino-silicate witt61.9 w% of O, 18w% of Aland 213 w% of Si.

For the fabrication of NMLs {5 a-S€AS bi-layers), sequential PLD runs were employaihg the
above described targets. PLD setup cosdist a KrF excimer laser (248 nm, 3003 mJ per pulens pulse
duration, 20 Hz repetition rate) amdvacuum chamber (background pressure <Zx®P@). The substrates used
for PLD (chemically cleaned microscope glass slideiicon wafers) were positioned parallel to theaget

surface_which was 5 cm away from the substrafése energy fluence on the target was cleshgith the

material to be deposited: ~2.6 and ~10 Jdar a-Se andAS, respectively. Both, the targets and the substrate
were rotated in off-axis geometry in order to avdieep damage of the targets and to improve thdrtbgs
homogeneity of the films. The selected perive d(S§ + d(AS)was close to @m Thus, the total thickness of
the NML was expected be close to 700 nm. For a coispaysingle (~400 nm thick) a-Se layers were depdsi
using PLD.

The quality and the periodicity of NMLs were coriled by low angle X-ray diffraction (LAXRD) [16]
The 6-20 XRD measurements were carried out by a Siemenar@ae X-ray tubeiguk,=1.54 A) and a
horizontal goniometer equipped with graphite momoatator. LAXRD was used for the investigatiof the
heat and illumination effects on the periodicitytbé sample. From the deposition rate data, tlokrtesses of
the individual sub-layers were obtained by dividitig total thickness of the separate control layérhe two
components by the number of the bilayers.

Micro Raman-scattering method was used to folloructtiral transformations in single a-Se and NML
samples. Raman scattering was measured by a Renisicao Raman spectrometer using a 785 nm dioder las

as excitation source.. The excitation beam was fedunto_a spot having diameter of around 2 micrdrse

intensity of the exciting light (being approx. 6 mindtially at the sample surface) was limited usingutral

density filters in order to avoid damage and phimimgural transformation in the samples. The ind¢ign time

was 100s.

The total_thicknes®f the NMLs were measured with Ambios XP-1 profileter and Veeco diCaliber

atomic force microscope (AFM). Used techniques confirnied expected total thickness of the NML to be



about 700 nm. In case of single Se layers, théleiss was estimated to be about 400 nm, whichrigpacble
with the total thickness (sum) of the Se sub-layethe NML structure. Surface roughness was ailsestigated
by AFM, working in a tapping mode.

A transverse section of the sample was preparggepdicular to the thin film surface to allow imagi
the stacking of the different layers. The samplivas made by a Philips 200TEM Focused lon Beam (FTBg
section has then been deposited onto a holey cdibgrsupported by a copper grid. Imaging studiesse then
carried out with a Philips CM 20 Trans mission EleatMicroscope (TEM) operating at 200 kV.

The optical transmission spectra of the preparadpts were measured with Shimadzu UV-3600
spectrophotometer.

The investigated structures were irradiated by(k}edb33 nm, output power P=7 mW) focuskEd-Ne

laser beam through a diaphragm with 1.2 mm diameterd hour; the maximum light intensity at the fage

was 600 mW/crh The change of the transmission on the irradiatime has been detected with power mete

setup (ThorLabs PM100).

3. Results and discussion

First, we were interested in the influence of lagadiation on the surface, optical transmissipedra

and structure of the samples. The NML and the simgSe thin films, prepared by PLD were irradiated spot

with a He-Ne laser. It was established, that the total thésls of the single a-Se layers increased for adb@uaim

that is close to 10 %, which can be explained e/ rtiechanism of the photo-induced lateral mass pahdn

chalcogenide glass, a-Se [10. 17]. while there dsdetectable volume change in NML. Although the AFM

results have shown that the average roughnessedfutiace was increased due to laser illu minaiponiNiM L

Fig.1).

AFM results show that theoughness of the asdeposited and illuminated NMk wh nm and 50 nm,

respectively, thus the increase was 9 nm or ab@u¥%2(with an error of 2 nm). The roughness of the

asdeposited single a-Se layer was 4 nm, and indidchange due to the irradiation, but at the séime the

thickness increased within the illuminated spot.

The transmission spectra of the single layers amdl Mamples were rather different and were
influenced by laser irradiation (Fig..2he difference between the single a-Se layer aad\N¥ L consists in the

lower transmission of the NML in the 550-1000 nmga; this is most probably caused by the increased



scattering in NML due to the increased clusterimgl aoughness. The lasbincides with surface roughness
values indicated by AFM.

The single layer undergoes slight photo-darkeninging the irradiation, while one can observe
photobleaching in case of the NML (Fig. 3). The mji@of the transmissiohrelative to the initial ondy (at 633
nm) with irradiation timeis ~0.95 for the single laar in saturated state, while for the NML the increasaches
1.25. The blue shift of the absorption edgea-Se is known for a-Se/AS; NML [12]. On the other hand, in our

Y2 vs . hy curve with v axis is smaller for

case the optical band g&jg determined from the intersection of:¢)
NML as compared with a single a-Se (1.83 and 2\ xerrespondingly). This fact correlates with loviband
gap energy of trigonal seleniur@,[6] and means that the NMLs fabricated by PLD shoalitain at least some
part of crystallineSe phase, which was also supported by XRD and Ramattesing data, discussed below.
That is why the blue shift quantum size effect @ observable, andeé bleaching observed for the NMLs under
study may be connected with further increase ofbtidering under illumination and decrease of tretscing in
the given spectral region.

LAXRD and XRD measurements were performma NMLs and singleSe layers before and after
irradiation (Figs 4, 5). In theasdeposited NMLs, the intensity of the first diffré&an peak is rather small and
blurred, testifying the disordered structure of NMMLs (Fig. 4). The reason of the described behag@uld be
a) intermixing of the layers during the deposititx),roughness on the inteckes inside the multilayer, which
could be due to the presence of crystaline phagiésn material Indeed, signs of some crystalline phase are
visible in XRD spectra (Fig. 5) and in the Ramareg&m of the NML and single Se layer samples irtiiga
trigonal Se phase in the PLD samples.

After illumination, the LAXRD peaks (bands) intetysfurther decreases; the reason could be the
change of ratio of the bilayers thickness ratiothe NMLs, which can be attributed to the increasédhe
crystalline phase content with higher density ia 8e layers. This is shovay the Raman data as well.

The above mentioned XRD data taken before and &featiation of the single Se layer and the NML
are shown inFig. 6. It is known that the trigonal selenium has peakshatfollowing angles: 23.57°, 29.73°
41.28°, 43.68°, 45.43°, 51.72°, 56.07°, 61.62°285and 71.6Q0f18]. For single Se layers, we have established
the appearance of first two pealassigned to the 100 and 101 planes respectivetgndity of these features
increased after illumination. The same behavior alaserved in the spectra of the NMLs as well (Bjg.

Further, to compare the effect of irradiation amehealing, the samples were annealed at 110 °CCfor 3

minutes in vacuum (at this temperature, the infeeeof the increased stability, softening tempemtfra-Se in



thin sub-layers of a nanomultilayer vanishes )12 higher content of crystaline selenium phasethe

asdeposited NMLs in comparison with single seleniayers was established by XRD and Raman spectpysco

During the heat treatment, crystallization was obseé in both, NML and Se samplebut the resulting,
annealing-induced crystallization was maignificantin the single PLD selenium layer.

Comparison of themealing- ad irradiation-induced crystallization showed that tlght accelerates
the rate of the crystallization in the NMLs, whilee heat treatment speeds up crystallization in stihgle
selenium layer.

Micro-Raman scattering investigations providedHar evidence of the crystallization processeqtaki
place during deposition or treatments. It_is welbiwn that Se has the following characteristic Ramaiuies
(bands): 248 cth— amorphous selenium, 235 ¢m trigonal selenium, 80 and 112 &m ring-like selenium
molecules, 138 cth— helix-like selenium structural unifd9). In our experiments, the spectra were normalized
to the largest intensity value and the changesénrelative intensities of the most characteribamds were
calculated. It was found that the intensity of temd related to amorphous Se is much higher irastdeposited
selenium films than in the NMLs. No band for trigdierystaline phase (235 chhwas identified in the spectra
of selenium layers, but in the case of NMLs sudbature was clearly observable (Fig. 6).

Five Raman peaks were identified in the spectrasmesl before and after illumination on NML
samples (Fig. 6). The intensity of these bands gbaduring laser treatment, especially those related
amorphous (at 248 ctyand trigonal (235 ci) selenium: the former decreases in comparisohedatter due
to the illumination. At the same moment, Raman Isardrresponding to ring-like and helix-like selemiu
structural units decrease slightly.

When analyzing the Raman spectra collected befark adter the irradiation of the single selenium
layer, we have again observed that due to illunomathe intensity of characteristic peaks changfes intensity
of the peak of the amorphous selenium, ril@- and helix-like selenium decreased and the psla&u{der) at
235 cm® became more pronounced.

In the case of single selenium layer, the changethé spectrum after light treatment were not so
remarkable: slight increase of the band attributettigonal Se (at 235 ch) was observed, together with the
intensity decrease of peaks connected with ring-kd helix-like selenium. The last may be relat@dhe
increased scattering at very low wavenumbers, @reélgion of the theo called Boson peak, which also means

increased clustering and medium range orderindanges.



All the above presented data indicate that théckstsuctural transformation processinduced in a-Se
layers by laser irradiatioar by annealing are related to the formation of trigorrgibtalline phase; such effects
are enhanced in the PLD a-Se/AS NMLs. This ideals® supported by increasing surface roughness (and
related clustered structure of the PLD samples3eolked in the AFM data depicted in Fig. 1. The tallime
phase is directly visible on the TEM pictures adss-sections (Fig. 7). That means formation ofdgrgboutl0
nm crystalline clusters during the highly non-eiwili m PLD process of NML fabrication, which is &g in a-

Se films prepared by more equilibrium proce$shermal evaporation and even in the single ldglericated by
PLD.

Besides the well-known photo-darkening, the ligtttuces also thickness change occurring in a singl
a-Se layer, which can be followed hynass transport in the presencenofrthomogeneous illumination [9], but,
as one can see, in certain samples and at cedadfitions, the enhancement of the crystallizatiomcpsses can
occur which overlaps mass transport phenomenons,Tie precise measurements of the induced thisknes
change (Ad) in the layers with enhanced crystallization areedpd. We got for theingle selenium layer Ad of
about +40 nmi.e. =10% increase (we observed hillocks and valleys - it lsarconcluded that the photo-induced
giant mass transpbis present), while for the NML we could not meastine exact value for the thickness
change because of the too high value of the sunfaoghness before and after the treatment. As difrea
mentioned, this result can be explained by thetalizmtion process that occurs in the NMIBue to the
crystallization, it is difficult to evaluate preely the change of the refractive index and/or tihsoaption
coefficient. In addition, the variation of thickreess strongly suppressed by the presence of hamikisain

NMLs, as it was shown for AgSex/AS NMLs [20].

4, Conclusions:

From the results presented in this work, it is_ewidthat the PLD method of fabrication of thin

amorphous chalcogenide nanolayered structures vduialsist of components with large difference iftasbn

pulse energy (low for a-Se, high for AS), gives hHijg metastable films or structures being fartheanfr

equilibrium than structures prepared using thermaduum evaporation. Structural transformations ben

enhanced in these materials, especially the hedammus nucleation and crystallization may occur tuée

presence of initial crystalline seeds and additiom@rfaces in NMLs. It was shown earlier by Tallmaj21]

and Abbaszadel2?]. that the interface has an effect on the photo-iedunetastability in a-Se structurdétswas

established by them that the crystallization ineai§ driven by the local strains, which are enhdnaethe




interfaces (including crystalline-amorphous intedaselenium-substrate interface or interface irtitavered

structures)In addition, the crystallization rate increasesaagesult of enhancing influence of the decreasing

viscosity under illumination or heating (so callgliloto -plastic effect in amorphous chalcogenided)[17

Application of the PLD technology to chalcogenidesbd NMLs gives clustered film structures with

higher roughness (as it was establishedseSe/GeS NMLs too) [13].If one component (in_our case Se)

undergoes crystallization easilyhe process takes place and the role of intiabtelted structures in the

crystallite formation is enhanced by the heterogesenucleation in the Se sub-layers and at thefates with

oxide barriers, which are created under higherripsdse energies as the Se sub-layers. The increbte

thickness seems to contradict the decrease ofdéheofsime during crystallization, but in the PLD gHes the

general, macroscopic disorder increamaking the whole structure more heterogeneous.
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Figures
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1. AFM pictures of the single selenium layer (a, b) and NML (c, d) béleitemages)
and after (right images) illumination.
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2. Optical transmission spectra of single a-Se layer and NMLIlearbpfore (single line)
and after illumination (dash line).
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3. Change of the relative optical transmission at 633 nm undencous laser
ilumination in single a-Se thin film (1) and a-Se/AS NML (2).
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4. LAXRD of Se/As NML before (1) and after (2) laser irradiation
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5. X-ray diffractograms of Se/As NML (left) and single a-Se lagight) before (1) and
after (2) illumination.
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6. Raman spectra of Se/AS NML (left) and single a-Se layer (rightpke before (single
line) and after (dot line) illumination.

7. TEM photographs (with different magnification) of the cresstion of PLD a-Se/AS
NML in as-deposited state. Lighter color tone corresponds with ABedewlor tone is
then related with selenium. Note that the structure periodsciggrtly lost due to
electrons with high energy used by TEM instrument.



