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Abstract: The lbw activation energwssociated witlamorphouschalcogenidestructure offers
broadtunability of material propertiesvith laserbasedor thermal processingn this paper, we
studynearbandgagaser induce@nisotropiccrystallization insolution processearsenic sulfide
The modified electronidandtail statesassociated with lasdrritation lead toa distinctive
photoluminescencgpectum,compared to thermally annealachorphous glastaser crystalized
materials exhibit geriodicsubwavelength ripplestructure in transmission electron microscopy

experiments and show polarization depengratoluminescenceAnalysis of the local atomic



structure of these materials using laborafoaged Xray pair distribution function analysis
indicates that laser irradiation causes a slight rearrangement at the atomic length scale, with a small
percentage of-& homopolar bonds converting to-8sheteropolar bond$hese resultkighlight

fundamental differences between laser and thermal @iogas thisimportantclass of materials.

Introduction:

Chalcogenidenaterials hae the ability tatransformamong various states, ranging from random
amorphous networks etomically ordered crystalline states when exposed to modest energy such
asthat associated with optical or thermal procegée$]. Thesedifferent structuresypically
exhibit significant optical refractive index contrast, as Wehs differences inelectronic
conductivitiesand other material propertie8mong various tuningschemes, lasqrrocessings
especiallyinteresing as itenablegprecise controbf the anount of energyeliveredinto aspecific
targeted regionSuch methods havgeenexploredfor tuningintegrated photonic devis¢5-12]

as well as for controllingichroism or polarization dependgaitotodarkeningghenomenan these
materials[13-17]. It has been shown that the prece®mic structure dependm the laser

wavelength, duationand intensity of laser irritatiai17].

In the case of solutioprocessed chalcogenide materi@sl11], laser heatingfrom aboveband

gap illuminationhas been shown t@move excessolvent related componeriis densily films
andmodify the surface chemistand surfacenorphology{3]. It has been shown ersenicsulfide
(As:Sg) thatlaserheatingcan induce thermal effects capabldmgakng the chalcogenideolvent
bond Furthermore, laseexposurecan affect the structural properties of chalcogenide materials
through polarizatiomlependent athermphenomendl0]. Such process can cause redistribution

of atomicclusters occhemicalreactions leading to anisotropic proper{i&3-17].



In this paper we show neband gap laser irradiation can lead to structural changes unlike those
associated with thermal processingeginning with a solution processed glass3silm, laser
processing results in crystallization and corresponding anisotropies in optical properties.
Photoluminescence (PL) measuremesitew welldefined shifts in emission peaks relative to
thermally annealed materials while PDF analysis highlighés changes in bonding structure

within the films

As,Ss solution is prepareds in prior workoy dissolvingamorphou#\s,Ss powderin propylamine

[11]. This solution is then spinasted or drop coated on a substrate (TEM grid or silica microscope
slide) and thermally processed at different temperatures as specified in the Fgulta. shows

the optical image oAs>Sz drop casted on 8EM grid (carborcoated, copper gridyhe TEM grid

size is10 pm by 10 pumA 532nmlaser beam and Gaussian beam profile is concentrated in the
middle of the film and he bright circles in Figlaindicatethe extentof the laser beanthedark

spot in the center of thiaser exposed regioshowsthe laser crystalizegrea. TEM (Phillips
CM200) is performedat 200 keVin brightfield, darkfield, and diffraction conditionsThe
diffraction patternof unexposednaterialshows blurryrings indicating theamorphous nature of

the solution processed #% (Fig. 1b). In comparison, the diffraction pattern from the center of
laserexposed areshows cleacrystallinestructureformedunder botHow (40pW/pumz2)(Fig. 1c)

and high (160pW/um2) (Figure d) laser intensity The measured latticepacingsfor the low
intensity exposurg2.636 A, 1.52 A) correspond tgolycrystalline AsSs (2.636 A, 1.513 A).
Also, the polycrystalline structure shows a preferred orientatidicated with anintensity
enhancemernt the diffractionas shown in Fig. 1marked with a circle)The TEM diffraction
pattern of high laser intensigxposureshowsdistinct periodic spotsndicatinga single crystal

type structures (Fig. 1d). As a small aperture is placed coveringhadjffracted beamsn the



circled regionin Fig. 1c, a darkfield image(Fig. 1e)is formed whichshowsa Morie pattern of

~10nmspacing due tthe overlap oAssSsnanostructure crystal layensth preferred orientations

Bruker D8 Advance Xay diffractometerwasused to obtain pair distribution functe(PDFs) of

the As;Ss system in order to probe its ateatom correlationsThe As;Sz solution is driedn a
ceramic pestle and resultingwderisloaded into a 2:4nch long polyimide capillary and sealed
using quicksettingtransparenepoxy. The material is theaniformly exposed to 80puW/pn?

(low intensity)532 nm laser for approximately 5 minutesd 1DpuW/un? (highintensity) for the
same durationA g K U r iauddd,avhich bas a smaller wavelength compared to Cu radiation,
and hence provides a broadgrange. A step size of 0.050°, along with a count time per step of
30s, and &—range of 3° to 130k used The PDFG(r), was obtained by taking a sine Fourier

transform of the measured total scattering funct8{Q), as shown in equation (18]

ol - 0YO pOEGIIQD (1)

whereQ is the momentum transfer givey Q = 4 . Stanaadfl Hada reduction proceduses
followed to obtain the PDF using PDFget)®], with aQmaxof ~14.4A. Prior to calculation of
the PDF, the total scattering function is mul&gliby a Lorch window function [2Q@0 improve

the signal/noise at trexpense of readpace resolution.

Fig. 2 displays the Xay PDF data for the solution processed sample (SP) together with the laser
exposed samples at two different intensities. In contrast to the TEM results, where it was clear that
laser exposure led tocal alteration®f the atomic structure (Fid), the PDF data shows minimal
changes to the amorphous atomic structure as a result of laser exposure. The fiegb@itom

correlation in the Xray PDF at 2.26 A is assigned to the ®$ondength (denoteas (i) in Fig.



2), while the second correlation at 3.45 A is attributed to the-atom distances of A8s, SS,

and 29 nearesneighbor AsS (denoted as (i) in FigR) [21]. Slight changes to theatio of the

peak intensitiesat these locations(i) / G(ii), as a result of laser exposurs indicative of
rearrangements to the atomic structure. As the intensity of laser exposure incre&@s/ théi)

ratio increases, implying that some of the&s Siomopolar bonds are being converted teSAs
heteopolar bonds. This observatiagreeswith the electron diffaction patterns shown in Fidj,

where upon laser exposure the structure besonure ordered with a layered anisotragreicture.

Hence, the PDF results indicate that exposure to radiation causes the structure to rearrange,

although no sign of crystallization is visible in the data using this bulk analysis technique.

Fig. 3a shows Fourier transform infrared spectra (FTIR) efpas coatedrsenic sulfidevithout
thermal or laser processingndthe same materidollowed by thermal annealing at 120, 160

°C, and 185°C, respectively The broad absorption at 228000 cm!, indicatve of amine
molecules,gradually weakens as the material is annealed at higher temperature. The two
absorption peaks in the range of 1300700 cm!, representing solvent spies in the sample
disappeaentirely at the annealing temperatuoé 185°C. The Differential Scanning Calorimetry
(DSC)thermogram®f solutionprocessed\s,Ss powders (ed curve inFig. 3d) exhibits a broad
endothermic peak around 135 °C, while the same sample wiinpezaling aL20 °C for 5 hours

does not(blue linein Fig. 3d). We expect that the endothermic peak corresponds to the
decomposition of sulfur bondsssociated with the propylamine dissolutasrdthe removal of H

in the form of HS as proposed by Chern et 22]. In addition, wefind that temperaturaround

180 ~ 190C induced another structural change of the material, as supported by noisy peaks in
DSC trace of solutioprocessed®s,Ss (Fig. 3d). In comparison to the DSC trace of rés:Ss

(blackcurvein Figure 3d), this temperature matchdgeexpectedylass transitionT) (Fig. 3€) at



which the material becomes liquid like fraheglassy stately in rawmaterial is measured to be
near 191.7C. The structural changes captured by DB€ consistent with tHeT IR measurement

results.

ThePL spectawere collected by coupling the light scattered from the sample to a Horiba Raman
spectrometer through a 190bjective, focusing thprobelaser(532 nm)spot to ~1.5 prh The
excitation laser intensity is cortiled below 0.4uW/urAito minimize notinear responseand
minimize any subsequent modifications to the mateFia presencef solvent inAs;Ss prevents
photoluminescencandonly sampls annealed above 190 exhibita strongphotoluminescence
signal.As theglass restructuresith thermalannealingat 160C and 188C, the defects levels in
solution processeds;Ss give rise to a broadband ession spectrum ithevisible band, certred

at 680nmlIn the band diagraninsetof Fig. 3b and 3¢the black arrowconceptualizethe AsSs
absorption with near bandgap energy, and the grey arrows show photoluminescence from the
defects levelsLaser crystallized A& hasparticulardefect energy levelsompared to thermally
processedamplesnd the Plspectrunshowssignificant differencegFig. 3c vs 3b). In particular,

the laser irradiated samples show a red shift in the center of the PL spectrum from 680 nm for the

thermally processed samples to 750 for the laser processed samples.

Thermal annealingemoves solvent speciesftwm isotropic amorphous filis) while the polarized
lasercrystallizes the chalcogenide materi@Fig. 1e) The anisotropy of the crystal would be
expecedto exhibitan excitatiorpolarization dependee inthe PLspectrumAfter crystallization
of thematerial by high intensity laser (532nm), we probe the modifiedffe crystallized region
on the same setp configuration, but reduce the laser power to monitor the PL spedtigune

4a shows th@L spectrum fromasercrystallizzd materialsinder dfferent excitation polarizations



of 0°, 42, 9(?, 135’ and 180. The polarizatiordegress relative to the onef crystallization laser.
We see that the maximum emissiiotensity occurs for 98 showing a50% enhancement of
photoluminescenceelative to the parallel polarizatiord’j further confirming thepreferred

anisotrgy in the polycrystalline structure shown in Fig. 1c

We studied the localized atomic structure change in solution processed arsenichyutiee
bandgapaserexposureFundamental iferences between thermal and lasleasedorocessingre
observedby thermal, optical X-ray and electromicroscopycharacterizatiorcorresponding to
differences in the structural properties of the matefifkese locally crystallized anisotropic
chalcayenide material could be incorporated for designimgew componentsin integrated

photonic devices.
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Figure 1. Laser Gaussian beam induced pattern on chalcogenide thi(aJil@ptical image of
solution processed ASs film drop-casted oniTEM grid, observed under 100x microscope after
laserexposure of 10 second, with average power of 160u\&/|8oale bar: 5pm. (bElectron
diffraction pattern for thenexposed region and (cjyStallized region near the center of the beam
(40puwW/un?). The redine shows thgreferred nanocrystakientation (d) Thecrystallized region
after laser exposure with 160pW/An{e) A corresponding darkield image showing the real

space structure as in (¢hrough the aperture in tiidue circle.
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Figure 2.Laboratory Xray PDF datdor solution processed sam&P), after low intensity laser
exposure (532nm, 30uW/finand high intensity laser exposure (532nm, 120uVW)pimset: The

peak intensityatio ofthe firstnearest neighbor correlation intendijyto the secondii).
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Figure 3. Photoluminescence of laser and thermal induced d€&ctSTIR measurement of spin
coated sample before (i) and after annealing in nitrogen environment at {i) ({1)0160°C and
(v)185°C for 5 hoursNote, curves all have same scale betshifted on the-gxis for clarity. (b
Photoluminescence of correspamgisamples shown in (a). Grey dashed line marks the center
wavelength of the thermal induced defects state. Inset: band diagram and absorption (black arrow)
and emission (grey arrow) from the thermal induced def8gisctra are individually normalized

and shifted for clarity. (c) Photoluminescence of spin coated sample after 40u\Wiaser
exposurdor 10s. The grey dashed line and red solid line mark the center wavelength of amorphous
thermally annealed sampéad laser crystallized structure, respectivéhget: absorption (black
arrow), emission from thermal induced (grey arrow) and laser induced (red) déthcts.

Differential scanning calorimetr§DSC) thermogram®f raw (black),solution processe(blue)
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