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HagBegeHno pe3y/jibTaTu J0CIIIKEHD MPOIECY OCAMKEHHSI HAHOCTPYKTYPOBAHOIO cpibdJia
HA MOBEPXHI) KPEMHiI0 METOJOM rajbBaHIYHOrO 3aMilmeHHs. BcTaHOB/IeHO YMOBHU mepediry
npoiecy, 3a SiKOro y BOJHUX PO3YMHAX HiaHITHUX KOMILIEKCIB Ta B cepeIoBHUIII OpraHiuHHX
aNpPOTOHHUX PO3YHMHHHUKIB (POPpMYIOThCH MIKpo- Ta HaHOpo3MipHi ocagu cpibdaa. Iloka3ano,
mo st Moaudikanii KpemHilo auime HaHoyacTHHKaMu cpidiaa (60...80 HM) 3 HeBeJHKHUM
Jiana3oHOM poO3KHUAY iX 3a po3MipaMH, BU3HAYAJILHUM € rajibBaHiuHe 3aMillleHHS Y PO3YHHAX
CTIHKHUX KOMIUIEKCHUX cOJyk Apreatymy B DMF.

Kuro4ogi cjioBa: rajbBaHiuHe 3aMillleHHsI, HAHOYACTUHKH, CPi0Ji0, IOBEPXHSI KPEMHIl0,
opraHiyHi po3YMHHUKH.
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DEPOSITION OF NANOSTRUCTURED SILVER SEDIMENT
ON SILICON SURFACE BY GALVANIC REPLACEMENT
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The results of studies of the process of depositing of nanostructured silver on the silicon
surface by the galvanic replacement method are presented in the article. The conditions of the
process, in which micro and nanosized silver deposits are formed in aqueous solutions of
cyanide complexes and in the environment of organic aprotic solvents, were established. It is
shown that for the modification of silicon only silver nanoparticles (60 ... 80 nm) with a small
range of their distribution in size are the galvanic replacement in solutions of stable complex
compounds of Argentum in DMF.

Key words: galvanic replacement, nanoparticles, silver, silicon surface, aprotic solvents.

IMocTtanoBka npodJemu. HaHeceHHS HaHOYACTHMHOK METalliB, 30KpeMa cpibiia, Ha TOBEPXHIO
KPEMHII0O  BHKOPHCTOBYIOTH s (OpPMYBaHHS  aHTHBIIOMBHOI  TMOBEpXHiI  ()OTOETEKTPUUIHUX
neperBoproBadiB. OJHMM 13 MEPCIEKTHBHUX METOMIB Takol Moaudikallii € METOA TraJlbBaHIYHOIO
3aMilIeHHs, SKHH XapaKTEepU3yeThCS HIMPOKUMH MOXKIHMBOCTSIMU KEPOBAHOTO BILTMBY Ha MOPQOIOTi0
0Ca/KYBAHOT'O HAHOCTPYKTYPOBaHOTO METaIy.

AHaJi3 ocTaHHIX AocaiTKeHb Ta myoaikaniii. MeToay HaHeCEHHsS HAHOCTPYKTYPOBAHHX OCaJliB
Cpi0Jia Ha TOBEPXHIO KPEMHII0 HaOyau 0COOIMBOI aKTyaJlbHOCTI 3aBISKH IMOJAJIBIIOMY 3aCTOCYBaHHIO 1X
JUISl BUTOTOBJICHHS aHTHBIIOMBHHX TIOBEPXOHb (POTOCIEKTPUUHHUX TMeperBoproBauiB [1]. dikcoBaHi
HAHOYACTHHKH IIOTO METally OEPXKYIOTh (HI3MYHHMH, XIMIYHUMH, OIOXIMIYHHMHU Ta €NEKTPOXIMIYHUMH
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METOJ]aMH, sIKi BU3HAYAIOTh 1X TEOMETPIit0 Ta po3noin Ha nmoBepxHi [2—9]. CboroaHi HaAUMOMIKPEH IIUMH
Gi3MYHMMHU MeTOfaMH € TepMidHE BHUIApOBYBaHHs [4], pO3NWIIEHHS €IeKTpOHHOro mydka [5] Ta
00pobitenns nmazepom [6]. Oxmmak mepeBakHa OUIBLIICTE (HI3MYHMX METOMIB € EHEPro3aTpaTHUMH Ta
MOoTPeOyIOTh BUKOPUCTAHHS JOPOroro oojagHaHHs. TOMy 3 TEXHOIOTIYHOrO Ta €KOHOMIYHOI'O IOIJISIIB
IHTepec SABJISIE METO/ raJIbBAHIYHOIO 3aMitieHHs [ 7-9)].

OcamkeHHst cpibiia ranbBaHIYHUM 3aMIllIEHHSIM HaiOubIIe BuBUeHe y Bogaux pozunHax AGNO; y
npucytHocti HF (tabmuist). Tlpore rimponis  yrBopenux cnonyk Cuomimito, 3miHa pH, — enektpo-
BiJTHOBJICHHS BOJHIO HE 3aBXKJ¥ 3a0e3MeuyloTh KepoBaHe (pOpPMyBaHHS HAHOYACTHHOK MeTaiy. Tomy sk
albTEPHATHBY, B OCTaHHI POKH JOCTIKYIOTh MPOIECH TaJbBaHIYHOTO 3aMIIEHHS Yy CEpeIOBHIII
OpraHiYHUX PO3YMHHUKIB, SKE 3amodirae nepediry moOiYHUX XIMIYHHMX Ta eJISKTPOXiMIYHMX mporecis [12—
14]. CepenoBuiiie OpraHiuHNX almpOTOHHUX PO3YMHHHUKIB CripHsie GopMyBaHHIO cHepornoaiOHUX YaCTHHOK
Merany Ta 2D-3amoBHEHHIO HUMH ITOBEPXHI KPEMHIIO ITiJ] 4ac TajJbBaHIYHOTO 3aMilleHHs. 3alIpOrOHOBAHO
BHBYEHHSI 3aKOHOMIPHOCTEH MpOIeCy TajbBaHIYHOTO 3aMIlllEHHS ISl OJCp>KaHHS HAHOCTPYKTYpPOBaHUX
ocajiB cpibyia HAa KPEMHIEBY IMIKIAJIKY 3 BOIHUX PO3YUHIB I[IaHIIHUX KOMIUIEKCIB Ta B cepenonuiii DMF.

Tabnuys 1
YmoBHU popMyBaHHS HAHOCTPYKTYPOBAHOI0 0Cay CPidJja HA MOBePXHi KPeMHiI0
Po3mip o Tpusanicts Tun xpemHieBoi .
dopma CxJiaa po3uuHy t,°C . JhT.
YAaCTHHOK, HM mporecy T AKIIa IKA
20-300 Ixaxko- 0.1-0.5mM AgNO; 23 1,31a5xB Si wafer (8]
nozxioHa + PVP(6mM)
500 Cdepuuna 6.0 MM AgNO; 85 10 xB n-Si [10]
p-S
10-100 Cdepuuna 6.0 mM AgNQO; 23 3 nui n-S [10]
p-S
9-60 Cdepuuna 1.0mM AgNO; 5 5c¢ n-S (100) [17]

MeTta po60OTH — JOCTITUTH MPOIIECH OCAJKCHHS cpibia Ha MOBEPXHIO KPEMHIIO Y BOJAHUX PO3YMHAX
Ta B CEPEIOBUIII OPraHIYHOrO arpoOTOHHOrO po3uMHHMKa DMF MeromoMm rajapbBaHIYHOTO 3aMilllCHHS,
BCTaHOBJICHHSI YMOB ()OPMYBaHHsI HAHOCTPYKTYPOBaHUX OCaiB cpibia.

Excnepumentansna yactuna. Mamepianu. Jns DOCHiIPKeHb BUKOPHCTAHO TUTACTHHH KPEMHIIO
p-turty Si (100) xommnanii Crysteco. ITutomuit omip rmactud — Bin 7 10 12 Om-cMm; po3mipu 3paskiB kpemHiro OL]
1x1 cm. Aprenrymy (1) mitpar (Alfa Aesar, 99,9%, M,=170 r/momnb). Bomamit Ta muMerruidopMaMiTHIiA
posuran (NHZ)[AQ(CN),] rorysamu mpomyckanmsm 0,1 M AgNO; y BiAIIOBIIHOMY CEPEIOBHII Ia30M0Ii0HOr0
NH,CN (crexiomerpuuna cymim NH; + HCN) 3a peaxiero (1). NH,CN cuHTe3yBamm TepMivHAM PO3KIIAZIOM
amomuiro rexcartianodepary (IT) B atmochepi a30Ty 3a peaxiicio (2):

AgNO; + 2 NH,CN ® NH,AQ(CN);] + NH,NO;; 2
(NH)[FE(CN)s] %292 9294® 4 NH,CN + Fe(CN),. )

Posununmkm: aneroH, izonpomanoi, aumermadopmamin (N, N-Dimethylformamide, DMF, 99 %,
AlfaAesar), eranon (AlfaAesar) kBamidikarii “x4”.

Memoou. OcajkeHHs cpibia Ha KPEMHIEBY MOBEPXHIO 3IIHCHIOBAIM TaJIbBaHIYHUM 3aMIIICHHIM 3
po3unHiB croiayk Aprentymy 3a HasBHocti HF (3 % wmac.): 0,1...001 M AgNO; 8 DMF; 0,1 M
(NH-)[AQ(CN);] 8 DMF ta 3 Bomnoro posumny 0,1 M (NH4)[AQ(CN),]. KpemuieBy moBepxHio
MOTEPEHF0 MPOMHUBAIN €TaHOJIOM, alleTOHOM, Mmicist doro TpaBuwin B 1 %-My posuuni ¢mroopumHoi
kucnotd. OcamkeHHst cpibna Ha KpeMHIEBI 3pa3kd MPOBOAMIM Y TiAPOCTATHYHOMY PEXKUMI 32
temneparypu  20...40 °C, ynpomosx 1-5 xB. ITicist 3aBepiieHHs IPOLECY 3Pa3KU 3 OCAIDKEHUM CpibiioM
MPOMHBAIIH 130MPONIAHONIOM Ta BHCYITYBAJIH Ha MOBITPI.
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Mopdororito ofepkaHuX OcaiB cpidja Ha KPEMHIEBIM MOBEPXHI JOCIIHKYBAIN 3a JIOMOMOIOIO
CKaHIBHOTO enekTpoHHoro Mmikpockona ZEISS EVO 40XVP. 3o00paxkeHHss MOmuQpikoBaHOI MOBEpXHi
OTPUMYBAJIH, PEECTPYIOUH BTOPHHHI €JICKTPOHM CKaHYBaHHSIM €IEKTPOHHHM My4koMm 3 eHepriero 20 keV.
300paxkeHHsS BUBOJMINCH 3a jgornomoroto 1udposoi nporpamu SEO-SCAN. XiMiuHuil ckilag ofep:KaHux
ocaiB cpibita JOCTiIKyBajIH 3a JOMIOMOTOI0 eHeproaucepciinoro anamizy (EDX).

Pesynbratn Ta ix 0o0ropopeHHsi. BimmoBinHO 10 JAaHMX EHEProJUCIIEPCIHOrO aHalizy, Ha
MOBEPXHI KPEMHI0 y BomHoMy Ta aumeruinpopmamigaomy posdrnax (NH4)[AQ(CN),] (puc. 1) ta AgNO;
B DMF y mnpucyrHocTi (Qmoopua-ioHIiB yTBOPIOIOTBCS HAaHOPO3MIpHI ocaau cpibna. Lle 3ymoBieHo
CMIOHTAHHMM TPOIECOM TalbBAHIYHOro 3aMimenns y cuctemi SV SF 1% Y/AgYVAQ, sxuii BinGysaeThes

3a EeNIEKTPOXIMIYHUM MEXaHI3MOM BHACIIJIOK PI3HUIN CTaHJAPTHHUX ENEKTPOJHHMX IOTEHIaNiB cpidia
(E°= 0,80 V) ta cuimito (E° = -1,20 V). Tomy, Bixmosizuo 10 mikpoanoauoi (3) Ta mikpoxaromuux (4, 5)
HaIiBpeaKIlii, JOCIIPKyBaHA CHCTEMa BIJ3HAYAETHCS BEIMKOK CICKTPOPYIIIHOK CHIION MPOIeCy

2_ . (XY
DE° (EOAQJ'/A@J -E° (sFe] /s = 2 V) Ta BUCOKHMHM T'yCTUHAMH CTpyMy Ha Mikpokaroxax. L{e cripusie Benukii
HMIBUAKOCTI CyMapHHX peakiiii (6, 7) 3 yTBOpPEHHSIM HAaHOCTPYKTYPHHX OCajaiB cpi0jia Ha TMOBEpXHIi

KpEMHilO:
Microanode: Si+6F — SiF+4e¢, E°=-1,20V; (3)
Microcathode: Ag" +e— Ag, E°=0, 80 V; (4)
[Ag(CN),] + e— Ag+ 2CN, E°=-0,31V; (5)
¥: Si + 6F +4Ag'— [SiF” + 4Ag; (6)
¥: Si + 6F + 4[Ag(CN),]” — [SiF¢g* + 4Ag + 8CN". (7

EHT =15.00 kv Signal A = SE1 Date :17 Nov 2017
WD=105mm Photo No. = 7453 Time :15:32:39 0 2 4 6 g 10 12 14 16 18

s N o onHaA wkana 2520 vwn. Kypoop: 0.000 [l

EHT =15.00 kv Sigral A=SE1 Date 117 Nav 2017
0mm i 8

1 2 3 4
onHaA wkana 14901 wwn. kypcop: 0000

Puc. 1. SEM-306padicents nosepxmi Kpemriio 3 4aCmuHKamu cpiona, 0CaoHCeHumMu 2aib8aHIYHUM 3AMIUeHHIM
3 0,1 M 600nux (a) i oumemungpopmamionux (b) pozuunie (NHg)[ AG(CN),] ma EDX ocady
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[opisHioroun SEM-300pakeHHs cpibyia, c¢hOpMOBAHOrO Ha ITOBEPXHI KPEMHII0 3 BOJHHX Ta
quMeTrdopMaMigHux po3unHiB, koMmrmiekcHol com  (NHZ)[AQ(CN),], sxi xapakTepu3yOThCsS 3HAYHOIO
KaTOJIHOIO TOJISIPU3AIIi€l0, CIIOCTEPIraEMO TaKy BIAMIHHICTh. Y BOJAHUX PO3YHMHAX, ¢ HOPMYIOTHCS OCaau 3
HEPIBHOMIPHHUM PO3IOJLIOM IO MOBEPXHI Ta BEIMKHM J1alla30HOM iX PO3MIPIB — BiJ KUIbKOX JECSATKIB
maromerpis g0 ~400 um (puc. 1, @). Ilix wac BimHOBIEHHS cpibia y cepemosuini DMF yTBOproioThes
JMCKpeTHI HaHodacTUHKK ocaay (~100 um), aie 3 piBHOMIPHHM PO3ITOILIOM 10 TIOBEPXHI KPEMHIIO Ta 3
BHCOKOIO INUIBHICTIO 1i 3amoBHeHHsA. Taka BIiAMIHHICT MOKe OyTH 3yMOBJICHA BHCOKOIO
CJIEKTPOJIOHOPHICTIO MOJICKYJ allpOTOHHOTO PO3YMHHUKA AMMETHI(QopMaMiny, sKi aacopOyrThCsS Ha
TIOBEPXHi YAaCTMHOK HAHOPO3MIPHOro Ocajy, YTBOPIOIOUM moBepxHeBi kommiekcn Ag - ::DMF, sxi
OJOKYIOTh X Ta 3amobiraroTe TMOmajblIoMy pocTy ¥ armomeparii [12]. OxpimM Toro, Takwii mepedir
MPOIECY CIpPHSE€ YTBOPSHHIO HOBUX 3apOJKIB Cpi0iia Ta MOCTYIOBOMY 1 PIBHOMIPHOMY 3aIllOBHEHHIO
MOBEPXHI KpeMHio. OTke, a1 3a0e3neueHHs (HopMyBaHHS HAHOPO3MIPHOT'O ocady cpibiia, pIBHOMIPHO
PO3MOIIICHOr0 Ha MOBEPXHI KPEMHI0, Ta 3amo0iraHHs MPOXOKEHHIO MOOIYHUX IMPOIECIB ralbBaHIuHE
3aMIIlEHHS TOLLILHO ITPOBOJIUTH B CEPEIOBUIII OPraHIYHUX allPOTOHHUX PO3YMHHHKIB.

[TokazaHo, 110 3a TaJbBAHIYHOIO 3aMillleHHsA cpibysia Ha KpemHii 3 pozuuHiB AgNO; y DMF
XapaKTepHE YTBOPEHHS AMCKPETHMX YaCTHHOK cepuuHoi (GopMH 3 BEIUKHMM [Aiana3oHOM pPO3MipiB
(80...200 uM) (pumc. 2, a). 3a BimHOBIEHHS cpibila 3 PO3UMHIB I[IAHOKOMIUIEKCY CIIOCTEPIra€Thes
(dopMyBaHHS HAHOYACTMHOK cpibma, 3HauHO MeHmMX 3a po3mipamu (60...80 uM) Ta piBHOMIpHHM
PO3ITO/IUTOM iX Ha TTOBEPXHI KPEeMHIEBOT iaKiIaaku (puc. 2, 6).
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0

EHT .00 kV/ Signal A = SE1 Date :23 Feb 2017
WD =13.0mm Photo No. = 3450 Time :17:10:14
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EHT =15.00 kv Signal A = SE1 Date :17 Nav 2017 PO3MIp HaCTUHOK, HM

WD = 12.0 mm Photo No, = 7429 Time :15:04:17

Puc. 2. SEM-306padicenns noeepxmi Kpemuiio 3 0cadiceHum cpioiom
eanveaniunum samingennsm y posuunax 0,1M AgNO; (a) ma 0,1M (NH4)[Ag(CN),] (b) y DMF
i eicmozpamu po3nooiLy YacmuHox 0cady 3a po3mipamu
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Ile 3ymoBneHo Bucokowo criiikictio iomis [AQ(CN)J]” (K, = 8107%) i 3HAYHOI KaTOIHOIO
NOJISAPU3ALIEI0 BiTHOBIEHHS Ccpibna Ha MikpokaTonax. Y po3umHax coibBaToBanux ioHis [Ag(DMF),]"
KaToJJHAa TMOJSIPU3allisi Mayia, TOMy HaBiTh IMOBEPXHEBI KOMILIEKCH Ha 3apojKax cpibia He 3amodiraroTh
3D-pocty ocamy. Okpim Toro, y Takux posuunax DE° = 2 V, tozi sk y po3unsax mianokommiekcy — (-0,31) —
(-1,2) = 0,89 V. OueBHIHO BapTO OUIKYBATH 3HAYHO OUTBIINX 3HAYCHb TYCTHH CTPYMIiB Ha MIKpPOKAaTOIaX Y
pO3YMHAX CONBBaTOBaHWX 10HIB. Tomy ans moamdikamii KpeMHIIO JIMIIe HaHOYACTUHKaMu cpibia 3
HEBEITMKUM J[iala30HOM PO3KHIy iX 32 po3MipaMH BU3HAYAILHUM € TalbBaHIUYHE 3aMillICHHS Y pO3UMHAX
CTIMKHX KOMIUIEKCHHX CIIONYK APIeHTyMY.

3a MmiABUINCHHS TEMITEpATypH rajibBaHiuHOro 3aminieHus y pozunai AQNO; B DMF Bix 20 10 40 °C
PO3MipH YaCTHHOK Cpibiia Ta reoMeTpis ocaxy iCTOTHO He 3MiHIoThCa (puc. 3, @, 6). CrocrepiraeThes
TEHJCHIIIA J0 arjoMepallii YaCTMHOK Cpi0Jyia Ta 30LIbIICHHS HIUILHOCTI 3alIOBHEHHS IOBEPXHI KPEMHIIO
0cajioM, 1110 3yMOBJICHO MocTa0iIeHHs M acopOIlii MOJIeKy apOTOHHOT'0 OpraHiyHoro pozunnauka DMF
3 ocaioM cpidia. OKpiM TOro, 3 MiIBHICHHSIM TEMIIEPATYPH 3MEHILYETHCS KaTOHA TOISPU3allis.

EHT = 15.00 kV Signal A = SE1 Date :30 Mar 2017 s o Date :
WD = 14.5 mm Photo No. = 4195 Time :14:15:55 =4237 Time :14:52:16

Puc. 3. SEM - 300pasicenns cpibna, ocadacenoeo eanveaniunum samiwennsm 3 pozuurny 0,01M AgNO; ¢ DMF
na nosepxui kpemnuiio npomszom 1 xe za memnepamypu 20 (a), 40 (6) ° C

BucnoBku: 1. Ha mnoBepxHi kpemHito y po3umHax DMF y mpucytHocTi ¢uroopua-ioHiB
raJibBaHIYHMM 3aMilICHHIM (DOPMYIOThCSI HAHOCTPYKTYPOBaHI ocaju cpidia.

2. TanpBaHIYHMM 3aMillleHHSIM Cpibjia HA KpPEMHIi Y cepeOBHIl OpPraHIiYHOTO ANpPOTOHHOTO
pozunaHrka DMF dopMmytoTbcst NHCKpETHI HAaHOYACTHHKH — OCaay 3 PIBHOMIPDHHM PO3MOIIIOM IO
MTOBEPXHI IMiKITaIKH.

3. Momudikariiro KpeMHil0 TUIbKH HAHOYACTHHKAMHU Cpi0Jia 3 HEBEUKUM Jialla30HOM PO3KUIY 1X
3a PO3MipaMH JOIIBPHO MPOBOAWTH TajbBaHIYHUM 3aMIIICHHSAM Y PO3YMHAX CTIMKHUX KOMILICKCHHUX
CIONYK APIeHTyMY.
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