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AnHoTanus. B pabotre MeTomaMy pacTPOBOi 3JIEKTPOHHOM MUKPOCKOIIMM U YIbTPaMSITKOM
PEHTTeHOBCKOI 9MVICCYOHHO CITIeKTPOCKOIMM ObUIM ITPOBENEHBI MCCIeA0BaHMS 0COOEHHOCTEI!
(hopMUPOBAHNSI MHOTOCIIOMHBIX CTPYKTYP MTOPUCTOTO KPEMHUS U YCTAHOBJIEHO BIMSIHUE VI3Me-
HeHMSI TUVIOTHOCTY TOKa MPU SIE€KTPOXMMMUYECKOM TPaBAeHUM MOHOKPUCTA/NINIECKUX TITIaCTUH
KpeMHMSI Ha (ha30BbIii COCTAB MTOBEPXHOCTHBIX (JIOeB c(hOPMUPOBAHHOI TOPUCTON CTPYKTYPHI.

KirroueBbie ci10Ba: KpeMHUIA, TOPUCTBIVE KPEMHMI, MHOTOC/IOMHbIE CTPYKTYPBbI, JIEKTPOXUMU-
yecKoe TpaBJieHMe, pEeHTTeHOBCKAsI SMMUCCYOHHAS CIIEKTPOCKOIMS.

BBEJEHUE

Vcronb3oBaHuMe mopuctoro kpemuust Por-Si B
KauecTBe UyBCTBUTEIbHOTO MaTepuasa IJis pas-
JIMUHBIX CEHCOPOB CBSI3AHO C Upe3BbhIUaiiHO 60JIb-
IIIO¥1 TIJIOIIAAbI0 ITOBEPXHOCTY MTOPUCTBIX CTPYKTYP
IO OTHOLIEHUIO K 00beMy (o 500 m?/g), BBICOKOI
PeaKkiMOHHO CITIOCOGHOCTHIO €0 IMMOBEPXHOCTU U
(doTomoMuHeCcIIeHTHBIMY CBOVicTBaMM. Ha CcTpyK-
Typax IIOPUCTOTO KpeMHMS ITPOAEeMOHCTPUPOBAHBI
BO3MOXXHOCTM CO3/IaHUSI Ta30BbIX CEHCOPOB U CEH-
COPOB BJIAXKHOCTH, AeiCTBUE KOTOPhIX OCHOBAHO
Ha M3MeHeHUU 3HaueHUs TOKa, MPOXOASIIero ye-
pe3 CTPYKTYpY Py aicOPOIIM COOTBETCTBYIOIIVX
MoJiekysn. @OTOHHbIE KPUCTA/IbI B BUe MHOTO-
CJIOMHBIX TTIEPUOINYECKIX CUCTeM Ha 0OCHOBe Por-Si
TaKke 06JIaaI0T MEePCIIEKTUBHBIMU ONITUUYECKUMU
CBOJCTBaMM, KOTOPbIE MOTYT ObIThH MCIIOIb30BAHbI
IIJIS1 CEHCOPUKY XUMUYECKUX Y 6M0JIOTMYECKIUX 00b-
eKTOB. X orTryeckye CBOMCTBAa YyBCTBUTEIbHBI K
HeOOJTBIIIM V3MEeHEHMSIM IT0Ka3aTesIsl IIpeoMIe-
HMS B IIOPUCTBIX CJI0SIX. Takyue M3MeHeHUs B OTITU -
YeCKMX CBOMCTBAX ObLIM MCIIOIb30BAHbI JJ1s1 06HA-
py>kKeHus pa3nnaHbIxX TUIoB JIHK, 6e1KkoB, 6akTepuit
1 (pepMeHTOB, OpraHMYeCKNX MapoB. MHOTOCIOM -

< JlenpmmH Anekcanmp CepreeBud,
e-mail: lenshinas@phys.vsu.ru

HbI€ ITOPUCThIE CTPYKTYPbI TAKXKE MOTYT OBITh ITPU-
MeHeHbI B KauecTBe MHTephepeHIMOHHbBIX QUIb-
TpoB B ontuke a1 VK, Bumymoit mnmu YP-o6mact
criekTpa [1-5].

Vi3sMeHeHMeM yCI0BUIA (POpMUPOBAHMS TIOPUC-
TOTO KPEMHMSI MOKHO TOOUTHCS TIOMyYeHMsI He06-
XOOVIMBIX (DYHKIMOHAIbHBIX XapaKTePVUCTUK IIOPUC-
TOTO CJ10$1, TAKMX KaK IMaMeTP U PacCTOSTHIE MEXIY
Topamu, yaejibHas TJIOalb TOBEPXHOCTH, COCTAB
MoBepxHOCTU U 1p. [6—10]. B 6onbimHCTBE pabor,
MOCBSIIEHHBIX MHOTOCIOIHBIM CTPYKTypaM Ha OC-
HoBe Por-Si, craBuTcs 3agava ucciemoBanust QyH-
KI[MOHA/IbHOM XapaKTePUCTUKM (B 3aBUCUMOCTH OT
BO3MOXKHOT'O ITPUMEHEHMsT) KOHKPETHOI CTPYKTYPBI,
COCTaB KOTOPOJ CUMTaeTCsl U3BeCTHbIM. [Ipenriona-
raeTcsi, YTO OHA He ITOABePIKeHA Jerpasalyi, COCTaB
M CBOJCTBA BHYTPM KaskIOTr0 KOHKPETHOT'O CJIOSI CTa-
OWJIbHBI ¥ OMHOPOIHBI, POCT CIEAYIOIIEro CjIos He
BJIMSIET Ha CTpOeHMe npeapiayiiero [11-13].

Llenbio maHHOI paboTe SIBASITIOCh YCTAaHOB/IEHNE
0CcoOeHHOCTel BAUSIHUS M3MEHEHMI TJIOTHOCTU
TOKA IIPY 3JeKTPOXMMUUECKOM TPABJIEHUM KPEM-
HUSI B Iporiecce GOpMUPOBAHNS MHOTOCTONHBIX
cucreM Por-Si, Ha o61mit Bug MopdoIoruy Bcero
TMOPUCTOTO C/10s1 1 (ha30BbIN COCTAB Ha ITOBEPXHO-
CTV BEPXHETO ITOPUCTOTO CJIOSI.

KonreHT mocrymneH mop inueH3ueii Creative Commons Attribution 4.0 License.
T The content is available under Creative Commons Attribution 4.0 License.
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DKCIIEPUMEHTAJIbHAS YACTDb

MHOTOC/IOHbIE CTPYKTYPbI MOPUCTOTO KpeM-
Hust (multi-por-Si) GopMupyTCs Ha TOBEPXHOCTU
MOAJIOXKEK KPUCTAIINYEeCKOTO KPeMHUS NyTeEM
JJIEKTPOXVMMUYECKOT0 aHOAVPOBAHMS B IIJIABUKOBOI
kuciaotre HF npu nepuogmyeckom M3MeHEHUU
TJIOTHOCTY TOKA 3JIeKTPOXUMMUYECKOTO TPaBIeHUS
(3XT). OmHOC/IOJHBbIE U OBYXCIOMHBIE 00pa3IbI
MOPUCTOTO KpeMHUS 6biM chopMUPOBaAHBI Ha
MJIaCTMHAX MOHOKPUCTAJIMUYECKOTO KpPEeMHMUS
(K3® (100), p = 0.2 Ohm-cm?) B pactBope HF,
usonponuaosoro cnupra C.H,OH u mepexncu
Bomopona H,O,, B3aThiX B coOTHOIeHNM 2:2:1. [Tpn
3ToM B npoiecce IXT cTyleHUYaToO M3MeHsIach
TJIOTHOCTDb TOKA. PeXXMMBbI TpaBaeHMs TIpUBeIeHbI
B Ta6. 1.

HccnenoBanus Mmopdonornyeckux oco6eHHOC-
Tell ceueHusT 06pa31ioB ObLINM MIPOBEAEHbI C IIOMO-
IO PACTPOBOTO 37IEKTPOHHOTr0 MMUKpockona JEOL
JSM 6380 LV. YnbTpamsrkue peHTreHOBCKME IMUC-
CUOHHBIe Si L, ;-crextpsr (YMPIC) xpemHmst 00-
pasmoB por-Si 6bUIM TTOIyYeHbl HA YHUKATbHOM
1abopaTOPHOM PEHTIeHOBCKOM CIIeKTpOMeTpe-
MoHoxpomaTtope PCM-500, B BBICOKOM BaKyyme
1.5-10"°* mm Hg ¢ sHepreTMuecKuM paspenieHemM
#0.3 eV. [laHHas MeTOAMKA YYBCTBUTEIbHA K JIO-
KaJbHOV MapuuaabHONM MIIOTHOCTU 3I€KTPOHHBIX
COCTOSIHUIT aTOMOB OTIpeleJIeHHOTO COpTa, 61aro-
Jlapsi YeMy BO3MOYKHA KaueCTBeHHas OLleHKa aTOM-
HOTO CTPOEHMS MMOPUCTOTO KPEMHUS U IMOTYKON-
YyeCTBEeHHAas OlleHKa OTHOCUTEIbHOTO COAepyKaHMSs
a3 B janHOM MaTtepuaie [14]. B ciryyae mopuctoro
KpeMHUS Si L, ; CIIeKTPbI OTpaXkaloT pacrpeseneHne
Si (3s + 3d) cocrostHuit ¢ mpeobnaganmem Si 3s. Tmy-
O6uHa a”HaM3a obpasuoB cocrasiasia 30 u 120 nm
MIPY YCKOPSIIOIEeM HaTpsKeHUM Ha aHOZle PeHTTe-
HOBCKOJ TPyOKM, HAa KOTOPBIV [TOMEIAJICS UICCIEeny-
eMblii obpaser, 2 1 6 KV COOTBETCTBEHHO [15].

dkcnepumenTanbHbie YMPIC Si L, o6paba-
TBIBAJIVCH C IIOMOIIBIO CIIeMalIbHOV KOMITbIOTEP-
HOJi MpOorpaMmbl, KOTOpasi 1mo3BojsieT GopmMupo-
BaTb MOJE/bHBIN CIIEKTP CYMMMPOBAHMUEM CIIEKT-
POB 3TaIOHHBIX (ha3 KPEMHMSI C COOTBETCTBYIOIIN-
MM BECOBBIMM KO3 duiieHTaMm, KOTOpbie MOTYT
BXOJIUTb B COCTaB MOPUCTOTO CJI0SI, U OTIPeNEeNsTh
(ba30BbIii COCTAB MTOTYYEHHBIX 00PA3II0B por-Si my-
TeM MOJTOHKM MOZEIbHOTO CIIeKTPa K SKCIIepUMeH-
TasibHOMY [14]. [Ipu MogenupoBaHuu Si L, ;-criekT-
POB 06pas1ioB Por-Si UCITOIb30BAINCH CIIEAYIONIE
STAJIOHHbIE CIIeKTPbI Si L, ;! MOHOKpuUCTaLIMYec-
KOT'O KpeMHMSI ¢-Si; aMOppHOro rmapupoOBaHHOTO
KpeMHMS a-Si:H; HU3KOKOOpAMHUPOBAHHOI'O KpeM-
Hust Si(lc) ¢ KoOOpAMHAIIMOHHBIM YMCIOM 2.5-3, KO-
TOPBIN HAGIIOmAICS B aMOP(HBIX ruieHKax Si [16];
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Ta6auna 1. PeXxumbl monyueHns o6pasiioB
IIOPUCTOTO KPEMHMUS

[Table 1. Parameters of porous silicon samples

formation]
Anodizing

No Etching currgnt Time, min

mode density,

mA/cm?

205 single 15 10

stage
206 two-stage 50 10
207 two-stage 15/50 5/5
208 two-stage 50/15 5/5
209 two-stage 50/30 5/5

CyOOKCHIIa KPeMHMS SiOm, U OUOKCULA KPeMHUS
SiO, [16, 17]. TlorpemHOCTb MOIENIMPOBAHMS OII-
penensulach Kak pasHULA IUIOWLALeN IOf, SKCIe-
PUMEHTAIBbHBIM U CMOAEIUPOBAHHBIM CIIEKTPaMU
SiL, ; u He npesbiirazna 10 %.

PE3VJIBTATBI 1 UX OBCYXXJAEHUE

Ha puc. 1 npencrasiedsl POM-u3obpaskeHust
CKOJIOB 006pasIoB por-Si, Moy4eHHbIX B OJHOCTA-
INiiHbIX peskumax IXT ¢ IVIOTHOCTSIMM TOKa aHO-
nupoBaHus 15 mA/cm? (N2 205) u 50 mA/cm? (N2
206). PesynbTaThl pyc. 1 TOKa3bIBAKOT, YTO IIPU YBE-
JIMUEeHUU TJIOTHOCTU TOKA B YKa3aHHOM [IMaraso-
He MTPOUCXOIUT He TOJIbKO YBeIMYEeHMe TOMIIMHbI
ITOPYCTOrO CJI0ST M pasmepa Iop, HO U MPOMCXO-
IUT 4aCTMYHOE PaCcTPeCKMBAHME ITOPVUCTOTO CIOST
C HapyIIeHMEeM er0 OJHOPOAHOCTU. Tak, TOMIIM-
Ha IOPMCTOro c¢iost oopasa N2 205, Momy4eHHOTO
B OJHOCTAAMUITHOM peXXume IMpU IJIOTHOCTU TOKa
j=15mA/cm?, coctaBuia ~20 um, a TOJIINMHA I10-
pucroro cios st obpasia N2 206, TOTy4eHHOTO
IIPY IIOTHOCTM TOKA j = 50 mAcm? ~ 30 pm (puc. 1).
C yueToMm BpemeHM TpasyieHMs: 10 min, cKOpocThb
TpaBJIeHMs COCTaBWIa ~ 2 um/min 1 3 pym/min gJis
06pas1oB N2 205 1 N2 206 COOTBETCTBEHHO 1 BO3-
pociia B IIOJITOpa pasa Ipu 60j1ee YeM TPeXKpaTHOM
pocTe IJIOTHOCTY TOKa.

Ha puc. 2 npencrasiaerasr POM-u3o06paskeHMsI
CKOJIOB 00pasIoB MOpucToro KpeMuust N2 7-9, mo-
JIy4eHHBIX B pekuMax ABYXCTaAMUIAHOTO TpaBiie-
Hust. O6pasipl N2 207 u 208 mosyueHbl Ipy IUIOT-
HOCTM TOKa aHomupoBaHus j = 15/50 mA/cm? u
j=50/15 mA/cm? COOTBETCTBEHHO, T. €. B PEKMUME
HapacTaHus M yObIBaHUS TJIOTHOCTU TOKa IXT,
TOJIIIMHA IMOPUCTOTrO CJIos 06pa3loB COCTaBUIIA
~25 pym. TomnmmyHa mopucroro wiost oopasia N2 209,
TTOJTYYE€HHOT0 B peXKMMe IBYXCTaIMITHOTO TPaBIeHMSI
j = 50/30 mA/cm?, ~ 30 pm. AHa/IM3 U306pasKeHMI
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S8 kU

Puc. 1. POM-u306paskeHnsI CKOJIOB 06pasIioB IMTOPYUCTOT0 KPEMHMSI, IIOTyU€HHBIX B PEXKMMAaX
omHOCTaAuiiHOTO TpaBieHust: a) N2 205 j = 15 mA/cm?; b) N2 206 j = 50 mA/cm?
[Fig. 1. SEM images of cleavages of porous silicon samples obtained in single-stage etching modes:
a) N2 205 =15 mA/cm?; b) N2 206 j = 50 mA/cm?]

Puc. 2. POM-u3o6paskeHnst CKOJIOB 06pasIioB IMTOPYCTOTO KPEMHMS, IIOTYUYEHHBIX B PEXKMMAX BYXCTaAUITHOTO
Tpasnenys: a) N® 207, j = 15/50 mA/cm?; b) N2 208, j, = 50/15 mA/cm?; ¢) N® 209, j, = 50/30 mA/cm*
[Fig. 2. SEM images of cleavages of porous silicon samples obtained in two-stage etching modes:

a) N® 207, j, = 15/50 mA/cm?; b) N2 208, j = 50/15 mA/cm?; ¢) N2 209, j, = 50/30 mA/cm?]
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CKOJIOB 00pasIi[0B MO3BOJISIET CeaTh BBIBOJ, UTO
IyOVHA 3aIeraHysI TPAHUIIBI MEXKAY CJIOSIMU CTPYK-
TYpBI OIpezessieTcs: mepBuYHbIM pexkumom IXT.
[Tpu 3TOM yBeEnM4YeHue CpefHel INIOTHOCTU TOKA B
TedyeHye Bcero BpeMeHu DX T, Kak 1 B cirydae OgHOC-
TaAVITHOTO TPABIeHNS, TPUBOAUT K HOPMIPOBAHUIO
60Jiee Pa3BUTOI MOBEPXHOCTY ITOPUCTOTO CJIOSI.

Ha puc. 3a u 3b nipuBefeHbl 9KCTIEPUMEHTAJTb-
Hble PeHTI€HOBCKI€ IMUCCHOHHBIe CIIeKTPhI SiL,
(TOuKM) OT 06pa31OB por-Si AJIsI ITyOVHBI aHaIM3a
30 1 120 nm 1 cMoJeIMpOBaHHbIe CIIEKTPbI U3 3Ta-
JIOHHBIX (Da3, MoSyYeHHbIe B pe3y/IbTaTe JIydIlei
MOATOHKM K 9KCIIEPYMMEHTAIbHBIM (CIIOIIHAS JIN-
Husl). CrIeKTpbI 6bUTM CHATHI CITYCTS 3 Mecs1ia Ioc-
Jie TIoJTyueHust 06pas1oB. [IybuHa aHalin3a MeTO-
nom YMPIC, He npesspimatomas 120 nm, 111 Bcex
006pasioB 3HAUUTEIHHO MEHbIIEe, YeM TOJIIMHA
«BEPXHEr0» IMOPUCTOTO CJI0SI, IO3TOMY, (haKTUIec-
KU, TaHHOV MEeTOAMKOM MbI CCIeAyeM U3MeHeHUSI
COCTaBa MOBEPXHOCTU MIEPBOTO CI0S HA Pa3/IMUHBIX
[TyOMHAX, B TOM YMC/Ie, IPOUCXOASIIEe BUIENCTBIE
poCTa BTOPOTO «HVKHETO» CJI0ST, (QOPMUPYIOIIero-
cst mpu u3MmeHeHun toka dXT.

[TpolieHTHOE COOTHOIIeHME (a3, TOTyYeHHOEe B
pesynbrate MofienmpoBanys Si L, ; USXES-crexr-
POB Bcex 06pa3ioB A rayouH 30 u 120 nm, mpu-
BenleHblI B Ta6. 2 u 3. CiemyeT OTMETUTD, UTO, He-
CMOTpSI Ha TO, YTO CIEKTPbI STATOHHBIX a3 [14]
MMEIOT OTVIMYUTEIbHbIE 0COOEHHOCTH, OUeHb YACTO
BO3MO’KHO HECKOTbKO BapMAHTOB Pa3JIOKEeHUSI SKC-
TepUMEHTaTbHOTO CIIEKTPA Uepe3 CyMMY CIIEKTPOB
STAJIOHHBIX KOMIIOHEHT 6e3 CyIIeCTBEHHOTO YBEeJN-
YeHMsI IOTPeITHOCTY MOAeNPOBaHMS, YTO CO3/1aeT

USXES SilL2,3

l,a.u.

Energy, eV

a

Original articles

CJIOKHOCTY TIPU MHTEePIIpEeTaly IIOTYYeHHBIX pe-
3ynbTaTOB. OJJHAKO BO MHOTMX CTy4asX AJ1s1 aHaJu -
3a palMOHAIBHO IPYIIIMPOBATh PE3Y/IbTAThI PA3JI0-
SKeHMST Ha BKJIAJl <HEOKMCIEHHBIX» (a3, Kyaa BXO-
Is1T (ha3bl aMOpPHOT0, KPUCTA/UINYECKOTO, HU3KO-
OPIMHMPOBAHHOTO KPEeMHUS U «OKMUCIeHHBIX», KyIa
BXOJST AVIOKCUT, Y CyOOKCUI, KpeMHUS.

M3 comocTaB/ieHnst JaHHbIX Tabj. 2 1 3 BUIHO,
YTO JI7Is1 BCEX 0OPA3I[0B B [TOBEPXHOCTHOM CJIOE T10-
pucroro kpemHus (30 nm) NPOLEHT CONEeP>KaHUS
OKMCIEeHHBIX (a3 3HAUNTEIHHO IMPEBBIIIAET KO-
YyeCTBO HeOKMCIeHHbIX (~60 K 40). AHamu3 ¢pasoBo-
ro cocraBa 06pasiioB Ha IyouHe mopsiaka 120 nm
MoKa3bIBaeT 06paTHyIo cutyanyio (~40 Ha 60), 4To
B 11€JI0M XapaKTepHO JIJI JaHHOTo MaTepuaina [18],
MOCKOJIbKY Ha MOBEPXHOCTU MOPUCTOTO KPEMHUS
B3auMoJelicTBMe ¢ aTMOC(epHbIM KUCIOPOAOM
TIPOVCXOANUT GoJlee aKTUBHO, UeM B TIIyOMHE TIOD,
U CBUJIETENIbCTBYET O TOM, UTO 00IIIMe 3aKOHOMEP-
HOCTY (hOPMUPOBAHMSI TOPUCTOTO KPEMHUSI COXpa-
HSIOTCSA U B cJiydyae GOPMUPOBAHMS MHOTOCTOM -
HBIX CTPYKTYP.

[y aHaMM3a MoJTyYeHHBIX TaHHbIX OBLINM IOC-
TPOEeHbI TpaduuecKkye 3aBUCUMOCTH, ITOKa3bIBa-
IOl[Je M3MEHEHMS MPOLeHTHOr0 COOTHOLIEHUS
OKMCIeHHBIX I HEOKUCIEeHHBIX (a3 Ha pa3aUyHbIX
ITyOMHAX aHaiu3a B 3aBUCUMOCTHU OT PEKMMOB
noayueHus: obpasioB. Ha puc. 4 mpeacraBieHbl
rpadudeckue 3aBUCMMOCTY [JIs1 06pa3ioB por-Si
N2 206 (50 mA/cm?), N2 209 (50/30 mA/cm?), N2 208
(50/15 mA/cm?). 3HaueHMsT HA KPUBOI PaCIOO-
SKeHbI 110 YMEeHbIIIEHUIO (pUC. 4) TVIOTHOCTU TOKA B
nporiecce DXT 06pasiios.

Energy, eV
b

Pwuc. 3. USXES Si L, ; CTIEKTPbI OZIHOC/IOMHBIX 11 BYXCTIOMHBIX 006pas1oB por-Si:
a) mnyouHa aHanmsa 30 nm; b) 120 nm
[Fig. 3. USXES Si L2,3 spectra of single-layer and two-layer por-Si samples:
a) depth of analysis 30 nm; b) 120 nm]
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Ta6auna 2. ®a30BbIit cocTaB 06pasioB por-Si (mrybuHa aHanusa 30 nm)
[Table 2. Phase composition of por-Si samples (depth of analysis 30 nm)]

Etching . . . % non- . . O i
No mode, a—081, C—081, a—S;(lc), oxidized 8191,3, 81002’ % oxidized % Err.
) % % % % % phases
mA/cm phases
205 15 7 32 - 39 40 21 61 7
206 50 - 44 - 44 42 14 56 9
207 15/50 - 45 - 45 25 30 55 7
208 50/15 9 25 8 42 58 - 58 5
209 50/30 15 14 14 43 41 16 57 9
Tao6numa 3. ®a30BbIit cocTaB 06pasmoB por-Si (rybuHa aHanmsa 120 nm)
[Table 3. Phase composition of por-Si samples (depth of analysis 120 nm)]
Etching . . % non- . . o o1
No mode, | a-Si, % c—081, a—S;(lc), oxidized 8191’3’ 8100 p | % oxidized % Err.
5 % % % % phases
MA/cm phases
205 15 - 49 8 57 - 43 43 7
206 50 - 53 - 53 28 19 47 9
207 15/50 - 46 10 56 38 6 44 7
208 50/15 7 60 - 67 2 31 32 8
209 50/30 7 20 33 60 40 - 40 7
, 60
;- SN 67
58 ———t o 4
8 e S e 8 % | 60
S 56 o= 58 S
57 60
54 - %6 ] 53
i —— 55 _
52+ —=&— non oxid ) —&— non oxid
50 —o—oxid 50 4 —o— oxid
] 47
48 T
45
46 - 44 1 \ 40
43 40 \-\
44 1 — 4 | 5
42 B == 35+ \
40 T . T T 1 ! v T ¥ T
50 50/30 50115 50 50/30 50/15
No 206 No 209 No 208 No 206 No 209 No 208
a b

Puc. 4. TIpo1ieHTHOe COOTHOIIIeHVEe OKUCIEeHHbBIX Y HEOKMCIEHHBIX (a3 Ha IyouHe:
a) 30 nm u b) 120 nm 1151 06pas1OB, MOTYUYEHHbIX B PESKMMAaX C yMeHblieHUeM TOKa aHOIVPOBAHMS
[Fig. 4. Percentage of oxidized and non-oxidized phases at a depth of:
a) 30 nm and b) 120 nm for samples obtained in modes with a anodization current decrease]

U3 puc. 4a BuUAHO, 4TO TIPU PEXKMMAX C YMEHbD-
IeHeM IUVIOTHOCTU TOKa aHOAMPOBAHMUS Ha BTO-
POM 3Tarle A0JIsI OKUCAeHHBIX (a3 Ha TOBEPXHOCTHU
He3HAYMTeTbHO YBEJTMUMBAETCS, a TO/ISI HEOKMC/IeH-
HbBIX YMeHbIIaeTCs. YUUTbIBAs TO, YTO MEXIY ITOTY-
YyeHMeM 00pa3loB U UX aHaau3oM Metomom USX-
ES mporio okoo 3-x MmecsiieB, MOSKHO ITpeIIosio-
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SKUTb JOCTAaTOYHO CUITbHOE BJIVISTHVIE €CTeCTBEHHOTO
OKJMCJIEHNST Ha COCTaB ITOBEPXHOCTHBIX CJIOEB POr-Si,
CYIIIECTBEHHO «CIVIaXKMBAIOIIee» KojmebaHusi cocTa-
Ba IOBEPXHOCTY BCJIEACTBYIE I3MEHEHMSI TEXHOJIO-
TMYECKOTO pexXuMa. B To ske BpeMs Kak B 6osiee Iy-
60KoM ciioe (puc. 4b) monst HeOKMCIeHHbIX (a3 3a-
METHO YBeJIMUMBAETCS, & OIS OKMCIIEHHBIX YMEHb-
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nraetcs. [Togo6HYI0 3aBMCUMOCTb MOXKHO OOBSIC-
HUTDb TE€M, YTO B PeKMMax C yMeHbIIeHMeM IUIOT-
HOCTY TOKa aHOAVPOBAHMS (IJIS1 MHOTOCTaAUIMHOTO
pexXuma) Mian Ipyu MaJIoi MIOTHOCTY TOKA aHOIM -
poBaHMs (A1 OGHOCTAAMITHOTO PeXMMa) AMaMeTpP
TIOp YMEHBIIIAeTCsI TI0 TyOMHE, UTO CHMKAET JOCTYIT
Kucnopoza B 6onee rimybokue cion [19].

Ha puc. 5 nipencrasiensl rpadguyeckue 3aBu-
CUMOCTH 17151 06pasuoB por-Si N2 205 (15 mA/cm?),
N2 207 (15/50 mA/cm?), N2 206 (50 mA/cm?). 3Ha-
YyeHMsI Ha KPUBOI PaCITONIOKEHBI 110 YBETNYEHUTO
(puc. 4) IIoTHOCTM TOKa B mpoiecce DXT obpas-
1[OB.

ITpu pexxumax popmupoBaHust por-Si ¢ yBe-
JTVYeHVeM TUIOTHOCTM TOKA aHOAMPOBAHMUS B I0-
BEPXHOCTHOM cioe (30 nm) HabmomaeTcss HeO0Ib-
Ioe CHMSKeHMe TMPOIeHTa OKUCIeHHBIX a3, a B
6osiee TITyOOKMX CJIOSIX BK/IA, OKCUAHBIX da3 pac-
ter (puc.5). [Ipy 3TOM [OJST HEOKMCIEHHBIX (a3
YBeIMYMBAETCSI HA TIOBEPXHOCTY, HO YMEHbIIIaeT-
cs1 Ha TTy6uHe. JTaHHBI TPeH ], MOKHO OObSICHUTD
TeM, UTO C YBeJIMUEeHVEM IJIOTHOCTY TOKa aHOMIM-
POBaHMS IPOUCXOAUT (POpMUPOBaHME TIOP C OOJIb-
MM JMaMeTpOM, BCIEACTBME Uero aacopoupye-
MBIt KMCJIOPOZ, aKTVBHee IMPOHMKAeT B 6osiee Iy-
60Kue CIoM.

TakuM o6pasom, B paboTe ITOKa3aHbl 0COGEH-
HOCTY (OPMUPOBAHUST MHOTOCTOHBIX CTPYKTYP
por-Si B peskMMax O CTyIeHYaThIM M3MeHEeHMeM
rmotHocTy Toka IXT. [TokazaHo, 4To Mopdonorus
1 ($a30BbIii COCTAB MOPUCTOTO CIOST KaK [JIsI O HO-
CJIOMHBIX, TAK U JIs1 MHOTOCTOHBIX CTPYKTYP OT-
JINYAeTCS OT TOBEPXHOCTY K 06bEMY U 3aBUCUT OT

X 604 [ —8— non oxid
3 —e— oxid
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pexxnma popMyupoBaHMs, YTO HEOOXOAVIMO YUUThI-
BaTh IIPU CO3AAHMU HA OCHOBE MYJIBTUCIOEB POr-Si
YCTPOICTB QYHKIIMOHATBHON 3JIEKTPOHUKMA.

NCTOYHUK ®MHAHCHUPOBAHUA

VicciemoBaHye BBIMTOJTHEHO MPY (HUHAHCOBOIA
nopnepskke PODU u IIpaButenbcTBa BopoHexmcc-
Koli o6iacmu B paMKax Hay4yHOro rmpoekra N2 19-
42-363004.
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Abstract
Purpose. In this study, some features of the formation of the multilayer structures in porous
silicon were investigated by scanning electron microscopy and X-ray emission spectroscopy.
Methods and tesniques. Method of electrochemical etching in hydrofluoric acid solutions was
used for the synthesis of substrates. Multi-layered structures were formed by the change of the
current density during electrochemical etching (ECE). The morphology of the samples was studied
by scanning electron microscopy (SEM). Phase composition of the samples at the different depth
of analysis was investigated by ultrasoft X-ray emission spectroscopy (USXES). Computer simulation
of the obtained emission spectra was performed using the spectra of references phases.
Results. Multi-layered structures of porous silicon were obtained by the electrochemical etching
technique at the step change of the current density in the ECE process. Using the SEM technique,
pore sizes and the thickness of the formed porous silicon layers were determined. Analysis of
the samples by USXES technique with the following computer simulation enabled an
understanding of the regularities in the change of the phase composition for the samples of
multi-layered por-Si structures of their formation regimes.
Conclusion. Features of formation of the multi-layered por-Si structures at the step changes of
the current density in ECE process were established. The morphology and phase composition of
the porous layer for both single-layer and multilayer structures differed from the surface to the
volume and depended on the regime of formation. This finding must be taken into account when
creating functional electronics based on por-Si multilayers.

Keywords: silicon, porous silicon, multilayer structures, electrochemical etching, X-ray emission

spectroscopy.

SOURCE OF FINANCING

The study was supported by RFBR and the
Government of the Voronezh Region in the
framework of the scientific project no. 19-42-
363004 “Formation and functional characteristics
of multilayer systems based on porous silicon”.’

The research results were partially obtained
using the equipment of the Centre for Collective
Use of Scientific Equipment of Voronezh State
University.

CONFLICT OF INTEREST

The authors declare the absence of obvious
and potential conflicts of interest related to the
publication of this article.

04 Alexander S. Lenshin, e-mail: lenshinas@phys.vsu.ru

REFERENCES

1.Moshnikov V., Gracheva I., Lenshin A., Spivak Yu.
Porous silicon with embedded metal oxides for gas
sensing applications. Journal of Non-Crystalline Solids,
2012 v. 358(3), pp. 590-595. DOI: https://doi.
org/10.1016/j.jnoncrysol.2011.10.017

2. Pacholski C. Photonic crystal sensors based on
porous silicon. Sensors, 2013, v. 13(4), pp. 4694-4713.
DOI: https://doi.org/10.3390/s130404694

3. Harraz F. Porous silicon chemical sensors and
biosensors: A review. Sensors and Actuators B, 2014,
v. 202, pp. 897-912. DOI: https://doi.org/10.1016/j.
snb.2014.06.048

4.Jane A., Dronov R.,Hodges A., Voelcker N. Porous
silicon biosensors on the Advance. Trends in Biotech-
nology, 2009, v. 27(4), pp. 230-239. DOI: https://doi.
org/10.1016/j.tibtech.2008.12.004

KoHaeHcpoBaHHble cpeabl M MexdasHble rpaHuupl, 2019, 21(4), 534-543 541



A. C. leHbwmH, K. A. Bapkos...

5. RoyChaudhuri C. A review on porous silicon
based electrochemical biosensors: beyond surface area
enhancement factor. Sensors and Actuators B: Chemi-
cal, 2015, v. 10, pp. 310-323. DOI: http://dx.doi.
org/10.1016/j.snb.2014.12.089

6. Canham L. Properties of porous silicon. Ed. by
Canham L., Malvern: DERA, 1997, 400 p.

7. Lenshin A., Kashkarov V., Spivak Yu., Mosh-
nikov V. Investigations of nanoreactors on the basis
of p-type porous silicon: Electron structure and phase
composition. Materials Chemistry and Physics, 2012, v.
135(2-3), pp. 293-297. DOI: https://doi.org/10.1016/
j.matchemphys.2012.03.095

8. Lenshin A., Kashkarov V., Turishchev S., Smir-
nov M., Domashevskaya E. Effect of natural aging on
photoluminescence of porous silicon. Technical Physics
Letters, 2011, v. 37(9), pp. 789-792. DOI: https://doi.
org/10.1134/s1063785011090124

9. Seredin P., Lenshin A., Goloshchapov D.,
Lukin A., Arsentyev 1., Bondarev A., Tarasov I. Inves-
tigations of nanodimensional Al, O, films deposited by
ion-plasma sputtering onto porous silicon. Semicon-
ductors, 2015, v. 49(7), pp. 915-920. DOI: https://doi.
org/10.1134/s1063782615070210

10. Qian M., Bao X.0., Wang L.W., Lu X., Shao J.,
Chen X.S. Structural tailoring of multilayer porous
silicon for photonic crystal application. Journal of
Crystal Growth, 2006, v. 292(9), pp. 347-350. DOI:
https://doi.org/10.1016/j.jcrysgro.2006.04.033

11. Verma D., Khan F., Singh S. Correlation be-
tween reflectivity and photoluminescent properties of
porous silicon films. Solar Energy Materials & Solar
Cells, 2011, v. 95(1), pp. 30-33. DOI: https://doi.
org/10.1016/j.solmat.2010.05.030

12. Theiff W. The dielectric function of porous
silicon — how to obtain it and how to use it. Thin Solid
films, 1996, v. 276 (1-2), pp. 7-12. DOI: https://doi.
org/10.1016/0040-6090(95)08036-8

13. Caballero-Hernandez J., Godinho V., Lacroix B.,
Haro M., Jamon D., Fernandez A. Fabrication of optical
multilayer devices from porous silicon coatings with

BnusHue pexxMMoB 31eKTPOXMMUYECKOTO TPABEHNUS NMPU OLHOCTALUIHOM...

closed porosity by magnetron sputtering. ACS Appl.
Mater. Interfaces, 2015,v.7(25), pp. 13889-13897. DOI:
https://doi.org/10.1021/acsami.5b02356

14. Terekhov V, Kashkarov V, Manukovskii E.,
Schukarev A., Domashevskaya E. Determination of the
phase composition of surface layers of porous silicon
by ultrasoft X-ray spectroscopy and X-ray photoelec-
tron spectroscopy techniques. J. Electron. Spectrosc.,
2001, v. 114-116, pp. 895-900. DOI: https://doi.
org/10.1016/50368-2048(00)00393-5

15. Shulakov A. X-ray emission depth-resolved
spectroscopy for investigation of nanolayers. Journal
of Structural Chemistry, Supplement, 2011, v. 52(S1),
pp. 1-12. DOI: https://doi.org/10.1134/s00224766
11070018

16. Mashin A., Khokhlov A., Mashin N., Doma-
shevskaya E., Terekhov V. X-ray spectroscopic study
of electronic structure of amorphous silicon and sili-
cyne. Semiconductors, 2001, v.35(8), pp. 956-961.DOI:
https://doi.org/10.1134/1.1393035

17. Domashevskaya E., Kashkarov V., Manukov-
skii E., Shchukarev A., Terekhov V. XPS, USXS and PLS
investigations of porous silicon. J. Electron. Spectrosc.,
1998, v. 88-91, pp. 969-972. DOI: https://doi.
org/10.1016/s0368-2048(97)00274-0

18. Lenshin A., Kashkarov V., Domashevskaya E.,
Bel’tyukov A., GiI’'mutdinov F. Investigations of the
composition of macro-, micro- and nanoporous silicon
surface by ultrasoft X-ray spectroscopy and X-ray
photoelectron spectroscopy. Applied Surface Science,
2015, 359, pp. 550-559. DOI: https://doi.org/10.1016/
j.apsusc.2015.10.140

19. Suriani Yaakob, Mohamad Abu Bakar, Jamil
Ismail, Noor Hana Hanif Abu Bakar, Kamarulazizi
Ibrahim. The formation and morphology of highly
doped N-type porous silicon: effect of short etching
time at high current density and evidence of simulta-
neous chemical and electrochemical dissolutions.
Journal of Physical Science, 2012, v. 23(2), pp. 17-31.
Available at: http://jps.usm.my/wp-content/uploads/
2014/10/23.2.2.pdf (accessed 11.11.2019)

Jlenwvwuun Anexkcanop Cepzeesut — K. .-M. H., C. H.
c., Kadenpa pu3MKM TBEPOOro TeIa ¥ HAHOCTPYK-
Typ, BOpoHekCcKknii rocygapCTBEHHBIN YHUBEPCH-
TeT, BopoHesk, Poccuiickast ®emgepanys; e-mail:
lenshinas@phys.vsu.ru. ORCID iD: https://orcid.
org/0000-0002-1939-253X.

Bapkoe KoncmaumuH AnexcaHopoguu — acriv-
paHT, Kadenpa GU3VKM TBEPIOTO TeIa ¥ HAHOCTPYK-
Typ, BOpOHEXCKMIT TOCyqapCTBeHHBI YHUBEPCHU-
TeT, BopoHesk, Poccuiickass ®enepanus; e-mail:
barkov@phys.vsu.ru. ORCID iD: https://orcid.
org/0000-0001-8290-1088.

542

Alexander S. Lenshin — Cand. Sci. (Phys.- Math.),
Senior Researcher, Department of Solid State Phys-
ics and Nanostructures, Voronezh State University,
Voronezh, Russian Federation; e-mail: lenshinas@
phys.vsu.ru. ORCID iD: https://orcid.org/0000-
0002-1939-253X.

Konstantin A. Barkov — postgraduate student,
Department of Solid State Physics and Nanostruc-
tures, Voronezh State University, Voronezh, Russian
Federation; e-mail: barkov@phys.vsu.ru. ORCID iD:
https://orcid.org/0000-0001-8290-1088.

Condensed Matter and Interphases, 2019, 21(4), 534-543



opVIFl/IHaJ'IbeIe CTaTbn

Cxonunuesa Hamanws I'enHaduesHa — CTYHEHT,
Kkadenpa Gu3MKM TBEPAOTO Tela M HAHOCTPYKTYP,
BopoHexxckuit rocygapCTBEeHHbI yHUBepcuTeT, Bo-
poHex, Poccuiickas ®eneparinst; e-mail: skopintse-
va@phys.vsu.ru.

Azanos bopuc JIbgo8uu — K. T. H., LIeHTp KoJ-
JIEKTMBHOTO I0JIb30BaHMSI HAyYHbIM 060PYIOBa-
HMeM, BOpOHEXCKMIT rOCyIapCTBEHHbIN YHUBED-
curet, BopoHesx, Poccuiickast ®enmepanyst; e-mail:
b.agapov2010@yandex.ru

Homawesckas deenura IlasnosHa — . g.-m. H.,
npodeccop, 3aBeayoiinii kadhenpoit Gpu3nKM TBEP-
IIOTO TeJla ¥ HAaHOCTPYKTYp, BopoHexkckuit rocy-
IapCTBEHHbIN YHUBEPCUTET, BOPOHEXCKMIL TOCy-
IlapCTBEeHHbI YHMUBepCcUTeT, BopoHexk, Poccuiickast
@epneparys; e-mail: ftt@phys.vsu.ru. ORCID iD:
https://orcid.org/0000-0002-6354-4799.

KoHaeHcMpoBaHHble cpeabl M MexdasHble rpaHuubl, 2019, 21(4), 534-543

Original articles

Natalya G. Skopintseva — student, Department of
Solid State Physics and Nanostructures, Voronezh
State University, Voronezh, Russian Federation; e-
mail: skopintseva@phys.vsu.ru.

Boris L. Agapov — Cand. Sci. (Eng.), Centre for
Collective Use of Scientific Equipment, Voronezh
State University, Voronezh, Russian Federation;
e-mail: b.agapov2010@yandex.ru

Evelina P. Domashevskaya — Dr. Sci. (Phys.-
Math.), Full Professor, Head of the Department of
Solid State Physics and Nanostructures, Voronezh
State University, Voronezh, Russian Federation;
email: ftt@phys.vsu.ru. ORCID iD: https://orcid.
org/0000-0002-6354-4799.

543



