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THE FORMATION OF SURFACE NANOSTRUCTURES
ON As-S-Ge CHALCOGENIDE FILM AFTER E-BEAM EXPOSURE

Background. Chalcogenide glasses comprise a unique materials platform and are attractive in view of various applications
that make use their intriguing characteristic, the ability to form surface-relief patterns. The interaction of these materials
with the electron beam is of interest due to diversity of physical phenomena induced in chalcogenide films by laser
irradiation.

Objective. The purpose of the paper is to study direct (without selective etching) surface relief formation of optical
elements periodic nanostructures on thermal vacuum evaporated film As;S7;Gey of ~8.3 um thickness using electron
beam lithography, as well as investigate the changes in surface nanostructures height and shape depending on exposure.
Methods. The chemical composition was determined by energy dispersive analysis of X-rays. The film was irradiated
by an electron beam using a scanning electron microscope. The influence of electron beam irradiation on As;S;7Ges
amorphous chalcogenide thin film was investigated. Surface relief of the film was tapped by atomic force microscope.

Results. The exposure dose G varied from 12 mC-cm~ to 12 C-cm2. The formation of cones with Gaussian profile on
the surfaces of the films was detected after local electron irradiation. Exposition dependent evolution of height surface
nanostructures has been detected. It can be seen that for G < 2400 mC-cm the height of the surface relief gradually
grows to 100—125 nm and for G > 2400 mC-cm™, relief height decreases. The initial and inversion doses of relief
formation on this film have found. For 6,6 um pitch is equal to Gy = 9,60 mC-cm™, and the inversion dose of the
surface relief shape G/= 31.18 C-:cm™. At d = 10 um, these parameters are G,= 6,98 mC-cm~ and G, = 36.19 C-.cm™.
The dependences h = F(G) at increasing interval (16 mC-cm™2 — 1200 mC-cm™2) for d = 6.6 pm and d = 10 um were

fitted by exponential function.

Conclusions. The changing of shape and parameters of the obtained surface relief on As;S;7Gey film can be explained
by the charge model. Our investigations have demonstrated that studied As;S;7Ge,) composition is suitable for e-beam
recording. These results show that As;S;7Gey films can be used for fabrication of the optical elements.

Keywords: chalcogenide thin films; electron beam irradiation; surface nanostructures.

Introduction

Chalcogenide glasses formed from S, Se, Te
with elements of IV and V groups are promising
functional materials with attractive properties: high
transparency in IR region, versatile photo-induced
effects, high linear and non-linear optical proper-
ties, etc. Chalcogenide glasses comprise a unique
materials platform and are attractive in view of var-
ious applications that make use their intriguing
characteristic, the ability to form surface-relief pat-
terns [1, 2]. Owing to these features, chalcogenide
glasses possess significant application potential in
view of photonic elements fabrication, such as dif-
fraction gratings, microlens arrays, photonic crys-
tals, nanostructured polarizers and waveplates,
broad-band antireflection coatings, etc. Surface
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relief structures based on chalcogenide glasses can
be used either directly as functional optical materials
or indirectly, by using them on microstructure or
nanostructure of other materials.

Numerous studies have concentrated on photo-
and thermally induced changes and imaging pro-
perties of AssSeoxSex layers (x = 0; 20; 30; 40; 60)
with regard to their application for gratings fabrica-
tion [3—6] as well and other compositions of chal-
cogenide glasses. Usually surface relief is created
after films exposure by respective light intensity pat-
tern using selective etching. Chalcogenide glasses
and films are also sensitive to the electron or ion
beams, X-rays [7—10] and perhaps photo-stimulated
or stimulated by electron or ion beams; X-rays’
change of their properties is the most interesting
phenomena exhibited by these materials.
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Investigations of electron beam exposure on
Ge-As-Se systems showed the formation of different
surface reliefs, mass transport or interaction between
induced charges [11, 12]. Geometric parameters and
shape of the reliefs depend on the chemical compo-
sition of the film. Recently, amorphous chalcogeni-
des from the Ge-As-S system have been intensively
studied [13—20], which are characterized by long-
term stability as well as good transmission in the vis-
ible and near-infrared range. Photo-induced effects
in thin films from Ge-As-S glasses were investigated
in papers [21, 22]. Direct recording of surface reliefs
does not require the step of selective etching for the
formation of the surface relief, which is formed in
this case directly during exposure process. Absence
of the selective etching step is the advantage because
often used etchants are toxic, and during selective
etching process it is necessary to control many pa-
rameters (temperature, concentration of etchant,
etc.). Thus, the development of one-step method for
the fabrication of surface reliefs is considered per-
spective for the fabrication of planar optical ele-
ments.

Problem statement

In present work we studied direct (without se-
lective etching) surface relief formation of optical
elements periodic nanostructures on As;S77Gey films
using electron beam lithography, evolution of sur-
face nanostructures height and shape depending on
exposure keeping in mind that direct one step grat-
ing recording simplifies greatly the fabrication pro-
cesses of the optical elements.

Experimental

Thin film As3;S77Gey of ~8.3 um thickness was
prepared by thermal vacuum evaporation of
AssSesGeso bulk glass onto sapphire substrates. The
chemical composition was determined by energy
dispersive analysis of X-rays (EDAX) using scanning
electron microscope (SEM) Tescan, model VEGA.
The film was irradiated by an electron beam using a
scanning electron microscope (SEM, Tescan, model
VEGA). The accelerating voltage V' = 30 kV, spot
size B = 640 nm, and the electron beam current
I = 19nA. The exposure dose G varied from
12 mC-ecm™? to 12 C-cm™. The surface relief of the
film was studied by atomic force microscope (AFM,
Bruker, model ICON). The irradiation dose was de-
termined by formula: G=17-¢/S (uC-cm2), where

S is the exposure area (cross-sectional area of the
electron beam focused on the surface of the film).

All exposures were performed in a low vacuum
mode under nitrogen at a pressure of 10 Pa. Square
matrices of 100 microns in size were made of a cer-
tain number of points. The distance between the
points was 6.6 um and 10 pm.

Results and discussion

Formed nanostructures with a height of ap-
proximately 100 nm were detected in As;S;7Gex
film after e-beam irradiation. The cones on the sur-
faces of the films have Gaussian profiles. The exam-
ples of surface reliefs that occur when the surface is
irradiated as square matrix of dots with distance
6.6 um and 10 um between the irradiated dots are
shown in Table 1. The images of the experimentally
obtained atomic force microscope (AFM) relief pro-
files are shown in Fig. 1.
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Fig. 1. Profile of recorded surface relief on As;S77Gey film after
e-beam exposure: / — 120 mC-cm™%, 2 — 240 mC-cm™2;
3 — 2400 mC-cm™2; 4 — 12 C-:cm~2 Distance between
dots — 6.6 um

The results show that As;S;;Gey is quite sensi-
tive to electron beam irradiation. The height of the
surface relief using logarithmic scale is plotted in

Fig. 2. It can be seen that for G < 2400 mC-cm™? the
height of the surface relief gradually grows to 100—

125 nm and for G > 2400 mC-cm™, relief height
decreases. The changing of shape and parameters of
the obtained surface relief on As;S77Gey film can be
explained by the charge model, which was used ear-
lier for the relief formation processes in Ge-As-Se
chalcogenide films [5, 6, 11]. The formation of sur-
face relief is due to structural changes in the film
and the emergence of a space charge region (SCR)
during the interaction of the film and the electron
beam. The penetration of primary electrons into the
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Table 1. AFM images of surface relief on As;S;7Gey film after e-beam exposure

As3S77Gexy 6.6 um

120 mC-cm™

240 mC-cm™

2400 mC-cm™

12 C-cm™

film leads to the accumulation of charge in the film

and on its surface, as well as the emission of

electrons from the film back into the vacuum [6].
It can be seen from Fig. 3 that dependen-

ces h= F(G) both in the region 16 mC-cm™2 —
1200 mC-cm™2, and in the region 2400 mC-cm™2 —

12 C-cm™ can be well approximated by straight sec-
tions. The intersection points of these lines with the
abscissa axis have been found. Accordingly, the ini-
tial dose of relief formation on this film at d = 6.6 um
is equal to Gy = 9.60 mC-cm™, and the inversion

dose of the surface relief shape G, = 31.18 C-cm™.
At d = 10 um, these parameters are Gy =
= 6.98 mC-:cm™? and G, = 36.19 C:cm™.
According to the two-layer charge model [6],
the process of formation of the space charge region
inside the irradiated film region is non-equilibrium.
The creation of surface relief is due to structural
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Fig. 2. Dependence of height of surface reliefs formed by elec-
tron beam on the exposure time
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Fig. 3. Linear approximation of the dependence of the surface
relief height of the As;S7;Gey film on the irradiation dose
for matrix periods 6.6 pm and 10 um

changes in the film and the appearance of a space
charge region (SCR) during the interaction of the
film and the electron beam. The penetration of pri-
mary electrons into the film leads to the accumula-
tion of charge in the film and on its surface, as well
as the emission of electrons from the film back into
the vacuum [6]. Fig. 4 shows the results of an expo-
nential approximation of the dependences 4 = F(G)

at increasing interval (16 mC-cm™2 — 1200 mC-cm™)
for d = 6.6 um and d = 10 pm. Relaxation times
that determined as a result of this approximation are
1 = (641.35 £ 110.42) ms for d = 6,6 uym and t; =
= (458.95 £ 210.71) ms for d = 10 um.

It can be seen that the approximation curves
correlate quite well with the measurement results
(points). It can be concluded there is exponential
dependence of height of surface nanostructures that
have been previously shown by researchers [5, 6]. It
should also be noted that exponential relaxation was
observed during storage of films [4] and exponential
decreasing of concentration of non-stoichiometric
structural units during light exposure of chalco-
genide films was observed in [23].
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Conclusions

Our investigations have demonstrated that stu-
died As;S77Gey composition is suitable for e-beam
recording. The formation of cones with Gaussian
profile on the surfaces of the films was detected after
electron irradiation. Exposition dependent height
evolution of surface nanostructures has been de-
tected. These results show that As;S;7Gey films can
be used for fabrication of the optical elements.
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J1.0. PeByupka, O.l. lWuneHko, O.B. CtpoHcbkuin, B. KomaHiukui, B.C. binaHud

®OPMYBAHHSA MOBEPXHEBUX HAHOCTPYKTYP HA XAJIbKOIMEHIOHIA MMIBLI As-S-Ge MICNA OMNPOMIHEHHA
ENNEKTPOHHNM TMYYKOM

Mpobnemartunka. XanbKoreHigHi ctekna opMytoTb yHikanbHWUIA KNnac maTtepianis Ta € NpuBabnvB1MM 3 TOYKM 30pY iX PiBHOMaHITHUX
3acTocyBaHb, L0 OOYMOBIEHI iIXHIMU HeMepeciYHMMK BNacTUBOCTAMM Ta MOXIMBICTIO YTBOPIOBATU NOBEPXHEBUI penbed. Baaemogis
UMx MaTepiarnis 3 efeKTPOHHNM NPOMEHEM CTaHOBUTL iHTEPEeC Yepe3 PiBHOMAaHITHICTb (I3VYHMX SBULL, CPUYMHEHMUX Y XanbKOreHiaHMX
nniBkax nasepHUM OMPOMIHEHHSIM.

MeTa gocnigxeHHA. JocnigxeHHs npsiMoro (6e3 cenekTMBHOro TpaBrieHHs1) hOpMyBaHHSI MOBEPXHEBOIO penbedy NepioanyHmX
HaHOCTPYKTYp Ha mniBLi As3S77Geyy TOBLUMHOW0 ~8,3 MKM, BUrOTOBIEHI BakyyMHUM TEPMIYHVMM BUNAPOBYBAHHSAM, i3 BUKOPUCTAHHSAM
€neKTPOHHO-NPOMeHeBOI NniTorpadii. BUBYEHHS 3MiHM BUCOTU | (hOpMY NOBEPXHEBUX HAHOCTPYKTYP 3anexHo Bif 403U ONPOMIHEHHS.

MeToauka peanisauii. XimiyHuii cknag nniBky BU3Hayanv 3a JOMOMOrol eHepreTUYHO-AUCTEPCIHONO aHanidy peHTreHiBCbKMX
npomeHiB. niBKy onpomiHioBan enekTpoHHUM NPOMeHeM 3a JOMOMOrOK CKaHyl4oro enekTpoHHOro Mikpockona. byno gocnigkeHo
BMIIMB OMPOMiHEHHSI €NMEKTPOHHMM My4KOM Ha aMOpPdHY XarnbKOreHigHy TOHKY mniBky AssS77Gey. MNoBepxHeBUiA penbed niBKU CKaHy-
Barnu aTOMHO-CUITOBUM MiKPOCKOMOM.

PesynbTatn gocnigkeHHs. [losa ekcriosuuii G Bapitoanacs Big 12 MKn-cm= go 12 Kn-cm2. Byno BUsiBReHo (popMyBaHHs KOHYCIB
i3 raycoBmMM npodinem Ha NoBepxHSX MMiBOK MiCrsi IOKanbHOrO ONPOMIHEHHS enekTpoHamu. BcTaHOBNEHO 3anexHiCTb BUCOTU odepxa-
HUX MOBEPXHEBUX HAHOCTPYKTYP BiA 003K ekcnoauuii. BuaHo, wo ans G < 2400 MKn-cM2 BUCOTa NOBEPXHEBOrO pPernbedy NocTynoBo
apoctae Ao 100-125 um, a ans G > 2400 MKn-cM2 BoHa 3MeHLLYETLCS. Byno 3HanaeHo novaTkoBy Ta iHBEpCiiHy 0031 hopMyBaHHS
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noBepxHeBOro penbedy. [Ana maTpuub i3 BiACTaHHIO MiX TOYKamu OMNpomiHeHHs d = 6,6 MkM nmovaTkoBa Ao3a ctaHoBuna Go =
= 9,60 MKn-cm2, a iHBepcirtHa — G; = 31,18 Kn-cm™2. Ans d = 10 MKM Ui napameTpm aopisHioBanu Go= 6,98 mKn-cm2i G;= 36,19 Kn-cm2.
BanexHocTi 4 = F(G) y 3pocTatodomy iHTepsarsi gosm (eig 16 4o 1200 mKn-cm™2) ansi d = 6,6 Mkm i d = 10 Mkm 6y0 anpoKcyMoBaHo
€KCMOHEHLNHUMU PyHKLiMM.

BucHoBkuW. 3miHy hopMu Ta napameTpiB OTpPMMaHOro penbedy NoBepxHi Ha NniBLj As;S77Gezy MOXHA NOACHUTM MOAENII0 akyMy-
NioBaHHSA 3apsiay. Hawi gocnimkeHHs nokasanu, LWo BuBYeHa komnosuuis As;S77Gey NpuaaTHa Anst 3anncy enekTpoHHUM NPOMeEHeM Ta
MOXe OyTn BUKOPUCTaHa AN BUTOTOBMIEHHS ONTUYHWX €NIEMEHTIB.

KnroyoBi cnoBa: xanbKoreHigHi TOHKi NMiBKW; eNeKTPOHHO-MPOMEHEBUIA 3aMNWC; NOBEPXHEBI HAHOCTPYKTYPMU.

J1.A. PeByukas, O.W. WWuneHko, A.B. CtpoHckui, B. Komanuukun, B.C. Bunanny

®OPMUPOBAHUWE MOBEPXHOCTHbBIX HAHOCTPYKTYP HA XANbKOIEHWOHOW NIIEHKE As-S-Ge MOCHNE OBNYYEHUSA
ONEKTPOHHbIM My4KOM

Mpobnemartuka. XanbkoreHuaHble cTekna (OpPMUPYIOT YHUKAMbHbBIN KNAacc MaTepuarnos U SBNSIOTCS NpUBIieKaTeNbHbIMU C TOYKM
3pEHNS UX Pa3MUYHBLIX MPUMEHEHUIA, 0OYCNOBMNEHHbIX UX HE3aYPSIAHBIMU CBOMCTBAMM U BO3MOXHOCTbIO 06pa30BbiBaTh NOBEPXHOCTHbIV
penbed. B3avmoaencteme 3TUX MaTepuarnoB C SNIEKTPOHHBLIM NMy4YKOM MPEACTABNSET UHTEPEC B CBSA3U C pa3Hoobpasmem uranyeckmx
ABMEHUA, UHAYLMPOBAHHbIX B XaINbKOreHWOHbIX NieHKax nas3epHbiM 00ryvyeHnemM.

Llenb uccnepoBaHus. /3yyeHne npsmoro (6e3 cenekTMBHOro TpasrieHusi) (hopMUpoOBaHUS MOBEPXHOCTHbLIX HAHOCTPYKTYP Ha
nneHke As3S77Geyp TONWMHON ~8,3 MKM, M3rOTOBMEHHON TEPMUYECKUM BaKyyMHbIM UCMAapeHUEM, C UCMONb30BaHNEM 3MEKTPOHHO-TNyYe-
BOW nutorpacun. 3yyeHne nameHeHus BbICOTbI U POPMbI MOBEPXHOCTHBLIX HAHOCTPYKTYP B 3@aBUCUMOCTU OT 403bl 0BMy4eHust.

MeToabl peanu3auuu. XMMUYECKAI COCTaB NIEHKN OMNPEAENSNN C NOMOLLbI0 SHEPrOAUCNEPCUOHHOMO aHanmn3a peHTreHOBCKUX
nyyeint. MNMneHky o6nyyany aneKTPOHHBIM MyYKOM C UCMOSIb30BaHWEM CKaHUPYHOLLErO ANEKTPOHHOIO MUKpockona. beino nccnegosaHo Bnu-
siHME 0BNyYeHNs1 SNEKTPOHHBIM MY4YKOM TOHKON aMOPdHON XanbKoreHUaHON NneHkn As;S77Gey. Penbed noBepXHOCTM NneHKM Bbin cka-
HMPOBaH C MOMOLLIbIO aTOMHO-CUITOBOrO MUKPOCKONa.

PesynbTaTtbl uccnepgoBanust. [loza o6nydenuss G Bapbuposanack ot 12 MKn-cm2 go 12 Kn-cm2. Bbino o6HapyxeHo o6pasosa-
HMe KOHYCOB C rayccoBbIM Npodunnem Ha NOBEPXHOCTSAX MIIEHOK NOcCrie NIoKanbHOro areKTpoHHoro obnyyenns. OnpegeneHa 3aBUCUMOCTb
BbICOTbI MOMYYEHHbIX MOBEPXHOCTHBIX HAHOCTPYKTYP OT 403bl 06nyYeHus. BugHo, uyto ana G < 2400 MKn-cm™2 BbicoTa pernbeda nosepx-
HOCTM nocTeneHHo ysenuumeaetca 4o 100-125 Hm, a ans G > 2400 MKn-cM2 oHa ymeHbluaeTcs. Bbinu HangeHbl HavarnbHas 1 UHBep-
CVOHHas [03bl POPMUPOBAHUS MOBEPXHOCTHOTO penbeda. Ansg MaTpul, ¢ paccTosHNEM MeXAy Toukamu obnyyveHus d = 6,6 MKM Havanb-
Has fosa coctasnsna Gy = 9,60 MKn-cM, a uHeepcunoHHas — G; = 31,18 Kn-cm™2. ina d = 10 MKM 3Ty napameTpbl pasHanuck Go = 6,98
MKn-cm2 n G = 36,19 Kn-cm2. 3aBucumoctn 4 = F(G) B nHTepBarne BospactaHus goabl (16 mKn-cm2 — 1200 mKn-cm2) gna d = 6,6
MKM 1 d = 10 MKM GbInu annpoKCMMUPOBaHbI SKCMOHEHUMANbHLIMU DYHKLMSIMU.

BbiBogbl. 13MeHeHVe hopMbl M MapamMeTpoB MOyYeHHOro MOBEPXHOCTHOrO penbeda nneHkn As;S77Gezn MOXHO 0OBACHUTD MO-
Oernblo akkyMynaumm 3apsiaa. Hawm nccnenoBaHvs nokasanu, Y4To ndydeHHasi komnosnumns AszS7,Gego NpurogHa Ans perucTpaumm anek-
TPOHHOTO Ny4ya U MOXeT BbITb UCMONb30BaHa A U3rOTOBMNEHUS ONTUYECKMX 3IEMEHTOB.

KniouyeBble cnoBa: TOHKME XalnbKOreHUAHbIE NINEHKY; ONEKTPOHHO-Ny4YeBad 3anncb; NOBEPXHOCTHbIE HAHOCTPYKTYPbI.
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