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B sbicokouacroTHoit (13.56 MI'n) nia3Me Therolero pa3pajga U3 napos GpranouMaHuHa MERH H GeH3ona
CHHTE3UPOBaHbl KOMMO3HIIHOHHbIE CTPYKTYPbI (TaNnoLMaHHH MERH—TIONHMED B BHAIE NMIECHOK TOMIHHOM
100-600 M, OcaXXAEHHBIX HA JHINEKTpHYECKHE NOANOXKH. HaydyeHbl onTHyeckue (B BARUMOI 06GIacTH
CMeKTpa), 3NeKTPOPHIHYECKHE U CCHCOPHDbIE (10 OTHOUICHKIO K JUOKCHAY a30Ta) CBOWCTBA NOAYYESHHBIX
MarepuanoB. Ha ocHoBe H3MepeHHil MPOBOAUMOCTH Ha NOCTOSHHOM M MIEPEMEHHOM TOKE YCTaHOBJIEHO,
YTO B KOMIIO3HTAX PEANU3YETCA MPBIXKKOBBIH MEXaHH3M INEKTPONPOBOJHOCTH IO 3JIEKTPOHHBIM COCTOA-
HHUSAM C pafiHycoM okono 60 mM. OGHapYKeHO, YTO YYBCTBHTEIBHOCTb CHHTE3HPOBAHHRIX CTPYKTYP K KH-
OKCHJly a30Ta RTPOE BbIIIE, YeM Yy MAECHOK 0CAXKJEHHOrO B BakyyMe pranonmannsa meps. [Ipegnoxen me-
XaHH3M CEHCOPHOTO OTKJIKKA CTPYKTYP Ha OCHOBE ()TANOIMAHUHA MEAH HA ra3bl-OKHCIHTENH.

BBEJEHHUE

O6napast BHICOKOH XAMAYECKOH H TEpMHYECKOH
CTOHMKOCTBIO, (PTaNONHAHHHDI SBJAIOTCI XOPOIINMH
MOTJIOTATENAMHE Pa3d4YHbIX cy6CcTaHUMi (ra3os, on-
THYECKOrO HW3JIYYEHHA, OPraHAYECKHAX MOJIEKYN)
[1—4]. ITo 3TOit NpuYHHE OHHA BLI3BIBAIOT HHTEpEC
KaK MOJIEKYNISIpHAsi PAaCO3HAIOMAs YaCTh XEMAYEC-
KHX CEHCOPOB H KaK XpoMogophI /il ONTAYECKHX H
OIITO3ICKTPOHHBIX MpHIOXKeHAH. [na mpakTadec-
KHX NpEMEeHEeHHH (TalondaHHHbl MPHrOTABIABAIOT
NpeAMyIeCTBeHHO B BHE€ TOHKHX IUteHOK. Ilpm
3TOM JIsl YBeJMYeHUs] MEXaHHIeCKOH HpPOYHOCTH,
ONTHMH3ALHA 3NEKTPO(PHU3IAIECKAX, ONTHYECKAX H
CEHCOpHBIX CBOMCTB MNEpPCIEKTHBHbI NOAAMEPHBIC
KOMIIO3HLAA C HANOJHATENEM B BHJE YIbTPaNHC-
[IEPCHBIX YACTHL (HAHOKNIACTEPOB) PTANOUAAHAHOB,
NO3BOSIONIAE COYETATh CBOHCTBA IONHMEPHOH Cpe-
Abl ¥ OpPraHHYeCcKOro KoHBepTopa [5, 6). sMenenne
KOJIHYECTBA W CTPYKTYphl AHCIEPrEpOBAaHHBIX Yac-
THU AaeT BO3MOXHOCTb MONY4YaTh KOMIIO3HIMH CO
CBOHCTBAMH, HE pEalTA3yEeMbIMH [JIs pasfe]kHO HC-
MOJIb3YEMbIX KOMIIOHEHTOB.

BcenepcTRue mnoxoii pacTBOpAMOCTH (Tanolna-
HHHOB B GOJIBLHIMHCTBE PacCTBOPHTEIICH, 2 TAKXKE H3-
33 TPYAHOCTEH MOCIERYIOMEro MOJHOro yAaneHms
pPacTBOpHTENIA NPArOTOBNCHUE TOHKOIICHOYHBIX
CTPYKTYp ¢TanougaHRH-TONEMEP ‘‘MOKPBIM~ CIO-
co6oM He Beerpa mpremieMo. HepaBHo yranoch pe-
aJI30BaTh “‘CyxHe’’ METOJbl BAKYYMHOIO MOJY4YEeHHA
yKa3aHHBIX CTPYKTyp. [Ipu 3tom d¢TanoudaHuH
OcaxpaJcs A3 ra3oBoi ¢a3nl OMHOBPEMEHHO C Ia30-
¢a3HBIM CHHTE30M MNOAMMEPOB (MONAMMENR [5] miu
nonauMoy4eBHHa [6]).

KoMIO3ALHOHHBIE CTPYKTYPbl (PTAIOLHAHAH—
NOJIAMEP MOXHO CO3[|aBaTh TaKXe ONHOBPEMEHHBIM
APOBEAECHAEM BaKyyMHOTO OCaXACHUA (hTanouuaHn-
Ha H MJIA3MEHHOrO CHHTe3a MOJHMEPHBIX MaTepHa-
noB [7, 8]. ITopo6HbIe CTPYKTYpHl YROOHBI {JIA H3Y-
YeHHsT NPOLECCOB CaMOOPraHH3YIOMIErocs pocTa
KJIACTEPHBbIX CTPYKTYpP, a TaKXe A MNOoJy4eHHs
KOMIIO3HTOB C 3alaHHbIMH CBOMCTBAMH OpraHHYecC-
KAX KOHBEPTOPOB. JTO OOYCJIOBAEHO BO3MOXHOC-
Th10 (HEKCHPOBATH B MOJHMEPHOH OCHOBE KJIacTEPHI,
HX aCCOIMATHI ANH KPHACTAILTATBI, 00pa30BaHHBIC HA
pa3Hoii cTafjHd OO BEAHHCHHS MAKPOIHMKIHYECKHX
MoJneKyn ¢pranonnanaia. Takas BO3MOXHOCTE BaX-
Ha [IA BBEfICHAA (PTANOLHAHAHA B MOJHMEPHYIO Ma-
Tpauy B TpeGyeMoit popme, HampEMEP MAKPOKPHC-
TAJNNIATHOMH, MPEANOYTHTENbHOH I GOTONMPOBONH-
MOCTH, HJIHA MOHOMEPHOH, HEOoOXOmUMOH I
peanu3audn ONTHYECKAX HeIHHEHHbIX 3¢ deKTOB.

B Hacrosmiei pa6oTe HCClieOBaHbI ONTHYECKHAE,
3JIEKTPAYECKHAE ¥ CEHCOPHBIE (MO OTHOLIEHHIO K JiA-
OKCHJIy a30Ta) CBOMCTBA TOHKOIUIEHOYHBIX KOMIIO-
3ALHOHHBbIX CTPYKTYp ¢prranoumanud Mepu (CuPc)-
noxAaMep, KOTopble MOJNy4YEHbI BAKYYMHBIM AHCHEp-
rapoBandeM CuPc ¢ BBE[ICHAEM €ro B NOMAMEPHYIO
IUIEHKY B Mpoliecce ee MIa3MEHHOro CAHTE3a.

9KCINIEPUMEHTAJIEHASI YACTD
Cunme3s KOMNO3UYUOHHBIX CMPYKMYD

KOMIIO3AaUHOHHEIE CTPYKTYPbl CAHTE3HPOBANH H3
napos ¢raronHaHAHa MeH U GEH30Ma B BHICOKOYA-
CTOTHO# IUIa3Me Thelomero paspsaga. Cxema Hc-
NOJIb30BAHHOM NP4 3TOM annapaTypbl ﬂPKBCIICHa Ha
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Prc. 1. CxeMa yCTaHOBKM MIa3MEHHOTO CHHTE3a
KOMNO3HIUMOHHBIX meHoK CuPc—nonumep: I — pa-
AMOYACTOTHBINA reHepaTop, 2 ~ KaTof, 3 — aHon, 4 —
KBapleBblil HHIUHAD, 5 — ucnaputens CuPc, 6 — na-
ponpoBof, 7 — BaKyyMHBI# Hacoc, § — pe3depsyap
MOHOMepa, 9 — cucremMa nogayd rasos (O,, Ar), 10 -
NONJIOXKKA, /| — HCTOYHHK TOKA.

LN

puc. 1. YcraHoBKa COCTOMUT M3 BBICOKOYACTOTHOTO
(13.56 MI') renepaTopa, peakTopa, 00pa3oBaHHOTO
HBYMS 3TEKTPOAAMH H KBapLEBLIM LITAHAPOM, HC-
naputens CuPc ¢ naponpoBofoM, cucTeM co3maHus
BaKyyMa H peryJIupyeMoi Noflad¥ MOHOMepa HilH ra-
30B (O,, Ar). BbICOKO4aCTOTHBII pa3psif co3gaBancs
MeXRy anekTpofgamu auametpom 100 MM, paccros-
HHEe MEeXAY KOTOPBIMH cocTaBisiiio 40 MM, NpH faB-
JeHHA IUTasMooOpasyrouiero rasa okono 50 [la.
CuPc B 30Hy pa3psfa BBOAWIH TEPMHYECKO#H BO3TOH-
Koii. MonrHocTh pa3spsiga He npesbimana 150 Br.
Ona pri6Apanach AOCTATOMHO BBICOKOH, YTOOBI W3
napoB GeH30Na cHHTe3dpoBalcs nonumep [9], 1o ta-
KO, 4T06bI ocaxgaeMslit CuPc He npeTepnesan npu
3TOM CYLUECTBEHHOU NECTPYKIMHA MOX ACHCTBHEM aK-
THBHBIX 4acTul miua3mbl. Konuentpauus CuPc (5-
30%) B KOMNO3ALMOHHOM CTPYKTYpE 3aAaBaach CoO-
OTHOLLEHHEM CKOPOCTEH OCakAeHHs NONHMepa H
CuPc.

KoMnosnunoHHbIE CTPYKTYPBI HMENH IJIOLIaAb
1-1.5 cM?, Tomuuny 100-600 HM u ocaxpanuch Ha
CTEKJISHHbIC HJIH TOJHKOPOBbIE MOANOXKH CO
BCTPEYHO-IUTHIPEBOH CHCTEMOH HHKEJIEBBIX 3JIEKT-
ponos. Ilepen ocaxkmeHAEM KOMMO3HMTA NOANOXKH
NO/ABEpray IUIa3MEHHOMY TPaBJICHHIO B aTMOocdepe
kucinopofa. CKOpocTb OCaXKACHHS IUIEHKH He Mpe-
sbimana 0.5 aM/c. [Tonmy4yeHHbIE MIEHKY KOMIIO3UTOB
nonaMep—CuPc Oblnd Gojlee NMPOYHBIMH U HMENH
AydlMe afre3dOHHbIE CBOMCTBA K MONNIOXKE, 4YeM
ocax[eHHble B BakyyMe meHkH CuPc.

lazonnasMeHHbId CHHTE3 KOMIIO3HTOB TPOBOAU-
JH NpH TeMnepaType NONIOXKKH, MpeBbllIaOUieH
80°C. HsMepeHne TemnepaTypbl MOANOXKKA B NpO-
1ecce MIa3MeHHOro CHHTE3a 3aTPYAHEHO, €€ OLIEHKa

BBICOKOMONEKYIIAPHBIE COEOTUHEHWSA

MOYTEHHBIA u pp.

CleNaHa 10 pe3yJibTaTaM H3MepeHuil B OTCYTCTBHE
BBICOKOYaCTOTHOT'O pa3psja.

MemoOw: uccaedosarnun ceoticms naeHoK

OnTtuyeckde CHEKTPhI NMOTMOLEHAsST CHHTE3HPO-
BaHHbIX IUICHOK PEMUCTPHPOBANH B BHIUMOM [HaMa-
3oHe Ha cnektpoMerpe “Specord UV-VIS” (“Carl
Zeiss”, Jena).

ITpoBORMMOCTD  KOMIMO3HLUMOHHBIX  CTPYKTYP
CuPc-nonumMep u3Mepsuid Ha MIOCTOSHHOM TOKE 3Jie-
kTpoMeTpoM B73-42 (benBap, Musck) B BaKyyMe |
Ha po3ayxe B uHTepBane 290-350 K. IIposogumocts
Ha NepeMEeHHOM TOKE HCCNIENOBAlIH Ha BO3[yXe MpH
KOMHATHOH TeMIepaType B YaCTOTHOM RUANa3OHe

500 I'u—-0.5 MI'u ¢ moMoLUbIO H3MEPUTENSA HMIIERAH-
coB BM-507 (“Tesla™).

YyBCTBUTENBHOCTD NONYYEHHBIX MIEHOK K THOK-
CHAY a30Ta U3MEPAJIH B IUHAMHYECKOM pexXHMe C UC-
nonb3oBaHHeM A pY3HOHHOrO HCTOYHMKA rasa
npu ckopoctH aucdpy3uu 1.7 MKr/MHH, CKOPOCTH
MpOKayKH ra3oBoi cMecH (cyxoro Bo3dfgyxa ¢ NO,)
qepe3 U3MepHTeNbHyo KaMepy 0.5 n/MuH, mocTosH-

HoM HampsxeHud 10 B u Temneparype o6pasua
100°C.

PE3YJIBTATBHI U UX OBCYXIOEHUWE
Onmuueckue cnekmpuot

Kpucrannorpaduyeckyto CTpyKTypy MEKPOKpH-
crannos CuPc B mnonmuMepHO#M MaTpuue TPpyqHO onpe-
ReNUTh AUPPAKLAOHHBIMH METONAMH (JICKTPOHHAA
H peHTreHoBcKas padpakuus) [5]. B To xe Bpems
ONTHYECKas! CMEKTPOCKONMS BHAMMOrO RMANa3oHa
[aeT BO3MOXKHOCTb XapaKTEpHCTHKH HX CTPYKTYpBI.
Kaxk u3ectno [1, 10], CuPc uMeeT HecKONBEKO MONH-
Mop¢HBIx GopM (0., B 1 x), Kaxkgas U3 KOTOPHIX NMe-
€T XapaKTEepHbIA CreKTp B Auanasone 500-750 Hm
(RaBBIOBCKOE paCIIEIUIEHHE).

ChnexTphl MOrJOMmIEHHs MONYyYEHHbIX HaAMH IUTe-
HOK NpHBefeHbl Ha pHc. 2. Korpa nmasMeHHoe BO3-
peiicreue Ha CuPc oTcyTcTByeT H monuMep He obpa-
3yercsi, CuPc ocaxpmaercss NpPEeHMYIIECTBEHHO B
o-opMe (cnekTp a). IlpuBeaeHHbIH CIEKTp NPaKTH-
4YECKH COBIAlaeT CO CIEKTPaMH, MOJy4YEeHHbIMH pa-
Hee [10] nns nneHokK, OcakmeHHBIX B BaKyyme npd
TeMneparype nopgnoxku okono 150°C. B cnydae
KOMIIO3HTOB TpaHCGopMalii CHEKTPOB CBA3aHA C
CuPc, NocKONIBKY CHHTE3HPYEMBIA NOJHMMEP HE HMEET
MONOC NOrIoIIEHHs B 3TO# o6nacTu. Kak BUGHO, HH-
TEHCHBHOCTL [aBBINOBCKOIO pacllielUIeHHs yMeHbIlla-
€Tcsl MU poCcTe MOLHOCTH paspspa. [Ipu MomHocTH,
npesbiaromeit 100 B, ymeHbnieHue 3HauRTEABHO H
CBHAETENLCTBYET O CylllecTBeHHOM fecTpykuuu CuPc.

CﬂeKTpl:l KOMIIO3HUTOB HE MOT'YT ObITh OTHECEHbI
HH K OJHO# M3 H3BECTHBIX noauMopdHeix popM. [To
CPaBHEHHIO C TEPMOOCAXAECHHOMH MIIEHKOM B KOMIIO-
3UTE C POCTOM MOILHOCTH pa3psAfa Nojoca HpH
Cepust A Ne 7
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KOMITO3UHUOHHBIE CEHCOPHBLIE ITIVIEHKH

630 HM craHoBHTCH cnabee, a monoca npu 700 HM
cMetaeTca K 690 uM. CnekTp b HaNOMHAHAET 1O BARY
cnekTp [-opMbl, OOHAKO OTINYAETCA OT HEro mo-
noxenneM mukoB. Ocaxpaenue CuPc B atoii popme B
HAIlHX YCIOBMAX MAJIOBEPOATHO, TaK KaK TeMIepa-
Typa MONJIOXKH BO BpeMsl CHHTE€3a He [OCTHrana
300°C, Heo6xonuMbix Ans o6pa3oBanus B-gassi [1).
Ckopee Bcero CHeKTp SIBJIAETCA Cynepnosuuueii cne-
KTPOB MHKPOKPHCTAJJIUTOB O-(hOPMBI H YaCTHI] HC-
xofpHoro MoHoMepa CuPc, uMerolLIero Nk B padoHe
680 uM [11]. TToxoxue cnexTpsl HaGnIONANKCh OIS
CuPc, pucneprupoBaHHOro B noaauMupe (5] 1 nonu-
MoyYeBHHe (6], a TakxKe /A NNa3MONOINMEPH3OBaH-
Horo CuPc [4]. [TonyyeHHbie HaMH U IPUBEACHHbBIE B
pa6orax [4-6] cneKTpbl HMEKOT OAHM3KHE YaCTOThI
060OMX NMHKOB, HO OTJNIMYAIOTCA COOTHOIIEHHEM HX
ammutatyn. [lo-BupuMoMy, 3TO OGYCNOBIEHO pa3-
JMUYHBIM COOTHOULIEHHEM B JaHHBIX MJIEHKaX MHKpPO-
KPHCTAJIIIUTOB (-2 OpPMbl H YaCTHL KCXORHOTO MOHO-
Mepa CuPc.

Aaekmpuseckue ceolicmea

B opraHH4ecKHX MOJYMPOBOAHHKAX BO3MOXHBI
ABa MEXaHU3Ma [IPOBOAHMOCTH — 30HHbIA U MPBIXKKO-
pblil. Hu3kue 3HaveHAd NOABHKHOCTH HOCUTENEH BO
¢dranounanuse Menu (okono 10-2-10¢ M%/B c [12])
CBHAETEJICTBYIOT B NONb3y NPLIXKKOBOIO MEXaHH3-
Ma TIPOBORMMOCTH CHHTE3HPOBAaHHEIX KOMIIO3HTOB.
Ins ugenTR(HEKANAA 3TOTO0 MEXAaHH3Ma MOXHO HC-
[OJIL30BaTh IBE BO3MOXKHOCTH: HCCIIENOBAaThL 3aBHCH-
MOCTb YAEJIbHOH MPOBORUMOCTH HA MOCTOSHHOM TO-
Ke G, OT KOHIIEHTpalLMH LEHTPOB Jokanu3auuu N
[13] unm 3aBUCHMOCTH YAENbHOH NPOBOJUMOCTH Ha
NepeMEeHHOM TOKe O, OT 4aCTOThI BHELIHETO 3JIEKT-
pudeckoro nons ® [14].

YpenbHasi NPOBOAHMOCTE Ha NNOCTOSSHHOM TOKE B
clly4ae NpbIXKKOBOTO ITepeHOoCca 3NeKTPOHOB 1O CIy-
YaliHO pacnpefie/iecHHbIM B [POCTPAHCTBE LEHTPaM
JNIOKATH3aIHH ONHCLIBAETCA COOTHOIHEeHHEM [13]

G, = Opexp(-n/aN'" — E/kT), (1)

Tie a — pajuycC JOKANHU3aL{{H 3NEKTPOHOB, E — 3Hep-
rdst aKTHBalMM MPOBOAMMOCTH, 7 — abcomtoTHas
TEMIIEPATYpa, k — nocrosHHast boneumMana, N =1.73 -
KOHCTaHTa NMPOTEKaHMsA, Gy — MPEAIKCIIOHECHIMANb-
HbI# MHOXHTEb.

Beens o603HaueHHe

173

Gy = Opexp(-n/aN ") 2

At BENHMYHHBI, ONpERENAOLell BEpOATHOCTh TYH-
HEJLHBIX NEPEXONOB MEXAY UCHTPAaMH NOKanu3a-
1uH, BbIpaxkeHne (1) MOXKHO 3anucaTh B TPagHUIHOH-
HOM BHJIE

Gy = Coexp(—E/kT) 3)
Peanusauus onuceIBaeMoi cooTHolleHueM (1)
3aBUCHMOCTH Gy OT N ABAsAETCA OTIMYHTENBHOR

7 BBICOKOMOJIEKYIJISAPHBIE COEJUHEHUS

Cepus A
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[ornaowiexHne

a
6
8
2
\/\
1 1 L
600 700 800
I MuHA BOJIHBI, HM

Puc. 2. CnexTpsl NOrnoueHHs NAEHOK OCAXKACHHO-
ro B Bakyyme CuPc (a) n komnosuto CuPc-nonu-
Mep, IPHrOTOBIEHHBIX PH MOLUHOCTH BBICOKOYAC-
TOTHOTO paspsapa 25 (6), 50 (8) u 150 Bt (2). Ton-
IHHA MeHOK 250 M. CnekTpbl a—6 CMELLEHbI A0
BEPTHKAH.

YyepToil NpbKKOBO# NpoBoAuMocTd. OHaKO Bean-
ynHa N B OpraHM4YecKHX MaTepHanax O6bIYHO Hen3-
BECTHA, H IPOBEPKY YKa3aHHOU 3aBUCHMMOCTH MOXHO
MPOBECTH KOCBEHHBIM 00pa3oM, UCNONb3y] TO, YTO
BEJIMYMHA 3HEPTHH AKTHBALMHM MPOBOJHAMOCTH TaK-
JKe 3aBHcHT OoT N.

[Mockonbky B MOJIEKyNApHBIX MaTepHAlax ¢ Ma-
N0 LIHPHHOH paspellleHHbIX 3HEPIEeTHYECKUX 30H
SHEprus aKTHBALUH NPOBOMHMOCTH NpENCTaBASET
co6oit auepruto PepMH, OTCUHUTAHHYIO OT MHKA
MIOTHOCTH COCTOSIHHI B 30HE NMPOBOJUMOCTH, 3aBH-
cuMocThb E(N) MOXKHO NpeACTaBATD CIERYIOIAM 00-
pasom [13]:

/73

()L e

rJae e — 3apAf JIEKTPOHA, € — OTHOCHTE/IbHASA TH3JIE-
KTpHYECKasl MPOHUIACMOCTh MaTEpHana.

Hcknrodas N u3 BoipaxeHuit (3) u (4), nonydnm
COOTHOLIUEHHE

1
4T

/3 2
e
Gy = CGp3€Xp —(—3‘) de &)

caE|

KOTOpOE MOXET ObITb MOABEPrHYTO IKCIHEPHMEH-
TaJIbHO# NMPOBEPKeE.

ITockonbKy Bce HccnenoBaHHbie 0Gpa3Lbl HMETH
ofHHaKOBYIO OpMy H pa3sMepbl, aHANOrUYHbIE CO-
Ne 7
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JHeprus aKTHBALMH POBOZHMOCTH MCCIENOBaHHbIX OG-
PasLOB M YCNOBHSA €€ H3MEPEHHS

Marepuan E, 3B Ycnosus u3MepeHuit
CuPc 0.60 Bospayx 100 kI1a
Komnoswur 1 0.42 To xe
Kommnosur 2 0.62 »
Komno3zur 3 0.67 »
Komno3sur 2 0.80 Bakyym 0.1 [1a nocne

NEpBOro NporpeBpaHus
Komnosur 3 0.79 To xe
Komnosur 2 0.93 Bakyym 0.1 I1a nocne

BTOPOrO NpOrpeBaHus
Komno3sur 3 0.98 To xe

OTHOIICHHA CHPaBE[JIHBbI TaKXe ANA MOJHOM
nposoguMocTd G, npayemM Benu4urHel Gy 1 E onpepe-
JSAIOTCA MO 3KCIEPHMEHTAJILHBIM TEMIEPAaTYPHLIM
3aBHCHMOCTAM NIPOBOJIUMOCTH.

ITpoBogaMoOcTh MeTaN(TANOUHAHAHOB 3ABUCHT
OT KOHLIEHTpalue copOnpoBaHHOrOo KHcaopopna. Ilpa
HarpeBaHAH BCJIEACTBHE IeCOPOIAH KACIOPOiA CANb-
HO HCKAXalOTCA TeMIIEpaTypHblE 3aBHCHAMOCTH Mpo-
BOJIMOCTH, NO3TOMY Mbl MPOBOAMIIH H3MEPEHAS NIPH
OXJIaXJIeHHH OGpa3LoB cO CKOPOCThIO 2 rpaf/MuH,
YTO HCKIIKOYANO BiIAsHAE OOpaTHOTO mpouecca cop6-
AR KACIOpOAa faxe MpH H3MEPEHHAX HAa BO3JyXe.
Ipm n3MepeHnsx B BakyyMe KaXJblil IWMKJI HarpeBa-
HHEe—OXJIAXKAEHAEe NMPHBOJAT K YMEHBIIEHAID KONH-
4JecTBa copbHpoBaHHOrO B 06pa3iie Kuciopona. Mc-
MOJb3Ys HECKONBKO TaKHX LIAKJIOB, JUIA KaXA0ro 06-
pa3dla MOXHO TMOJIyYHTh CEPHIO TEMIEpPaTYPHBIX
3aBHCHMOCTEH MPOBOAHUMOCTH, KAX/asA U3 KOTOPbIX
XapaKTepH3yeTcs CBOeH 3Heprueil akTuBauud E W
NpPeAIKCIOHEHIAANbLHBIM MHOXHTeNEM G.

OxcnepuMmeHTanbHbie faHHbie i CuPc u nony-
YEHHBIX HAMH KOMIIO3HULMOHHBIX MATEPHAJIOB MpH-
BefieHbI B Tabnulle u Ha prAc. 3. KomMimo3uTh! cHHTE3M-
pOBaHBI MpH MOINHOCTH pa3spsaa 50 BT u nponyMe-
pOBaHBI B TOPSIAKE BO3PAaCTAHHS KOHLEHTPALUH
CuPc, TouHOE 3HAYEeHHE KOTOPOil HEM3BECTHO.

Kak BupgHO u3 puc. 3, cBasb Mexay E u G, nuHeitHa
B koopauHaTax lg Gy—(1/E). 310 cooTBETCTBYET CO-

OTHOIIEHUIO (5) H CBUAETENBCTBYET O NPHIKKOBOM
MEXaHH3Me MPOBOMMOCTH MONYYECHHbIX HAMH CTPYK-
Typ. PesynbTaTh! pacyeToB no ¢opmyie (5) mpu £ = 3.6
(nuanekTpuyeckas nponunaeMocts CuPc [12]) co-
CACyIOTCA C 3KCNIEPUMEHTANbHbIMU JaHHbIMH NIPH
a = 57 M, T.e. pagayc JIOKaJIA3aLUA 3JIEKTPOHOB
6M30K K XapaKTEPHBIM pa3MepaM aTOMHbIX BOJIHO-
BbIX (pyHKUHH.

IpusenenHsbie B Tabnuue AaHHbIE YKA3bIBAIOT Ha
TO, YTO JieCOPOLHS KUCIOpOfia MPHBOAHMT K yBelH4e-
HMIO 9HEPrHH AKTHBALUH NPOBOIMMOCTH, a ClIEf0BA-

BbICOKOMOJIEKYJIAPHBIE COEJUHEHHUA  Cepna A

IMOYTEHHBINA u np.

TENbHO, B COOTBETCTBHH C BhIPaXXeHHEM (2), K YBeJIH-
YEHHIO KOHLEHTpAaLHH LEHTPOB Jiokanu3amuu. Ha
OCHOBAaHHHA 3TOr0 MOXHO CieJIaTh BBIBOJ(, YTO B HC-
CJIEIOBaHHBIX MaTepHaNaX COPOMPOBAHHBIA KHCNO-
PO He CO3[JacT HOBBIX IEHTPOB JIOKaIA3aLHH, a 6710~
KHPYET HMCIONHECH.

JIpyraM ucTo9HAKOM HHPOPMALHA O MEXaHH3Me
NPOBOAMMOCTH NOJIYYEHHBIX CTPYKTYpP SBHIOCH HC-
CIIEJOBAHAE YaCTOTHOM 3aBMCAMOCTH IIPOBOJHMOCTH
Ha nepemeHHoM Toke. Kak m3Becrno (15], mpa ciy-
YaHHOM pacnpefie/ICHAH LEHTPOB JIOKAJIA3ALMHA BbI-
MOJIHAETCA COOTHOIEHHE

O, ~ ', ©)

rfe moKa3saTeib CTenend s < 1.

Ha pauc. 4 npuBeneHa THIAYHAs 4aCTOTHAS 3aBH-
CHMOCTH EMMefaHca Z, NoNnyyYeHHas U1 KOMIIO3ATA
CuPc-nonaMep, MpE KOMHATHOM TeMIIEpaType Ha
BO3[yXe. ITa 3aBHCAMOCTb COrJIacyeTcs ¢ opMynoi
(6) ¥ CBHIETENLCTBYET O pealld3alid MPbIKKOBOLO
MeXaHHU3Ma MPOBORAMOCTH B HCCNIENOBAHHBIX MaTe-
pHanax. DKcnepUMeHTANbHbIE 3HAYCHHAS § B KOMIIO-
SHUMOHHBIX CTPYKTYypax 6au3KkH K egunmne (0.99 gna
MPEBECAECHHOMA Ha pHC. 4 3aBECHMOCTH), YTO COOTBET-
CTBYET OfHHOYHBIM NpbIkKaM [15]. AHanormunas
YaCTOTHast 3aBHCHEMOCTh NMPOBONHUMOCTH HaGmiopa-
nachk juis wieHok CuPc, ocaXmeHHBIX NpH Ia3MeH-
HOH aKTHBaLH B aTMOc(epe aprona [16].

YyscmesumeabHOCmMb 3AeKmMpPUecKkoti
* nposodumocmu k NO,

Ha puc. 5 u3o6paxeHbl KHHETHYECKHE KpHBbIC
OTKJIMKOB Ha AHOKCHN a30Ta IUIEHOK OCAXAEHHOrO B
BaKyyMe (pTanondaHHHA MERH H CHHTE3HPOBAHHOTO
B IU1a3Me NPH MOMHOCTH pa3psafga 50 Br koMmo3aTa
CuPc—nonamep. Konnenrpaimus CuPc B 3TOM KOM-
MO3HTE NPOMEXYTOYHAsA MEXY TAKOBLIMH B KOMIIO-
suTax 1 7 2 (Tabamna). Ilo BepTHKAaNBLHOM OCH OTNO-
XKEHO OTHOLIEHHE TOKa I, KOTOphId Teder depe3
IIEHKY, HaXOASALIYIOCSA B IIOTOKE CMECH CyXOro BO3-
ayxa 1 NO, (3.4 Mr/mM3), K TOKY I,, COOTBETCTBYIOIIE-
MYy IUIEHKE B CYXOM BO3fyxe 6e3 MHOKCHAA a30Ta.
Kak BupHO, yepe3 10 MHH nmocne Havyana BO3[XEHCT-
B cMec NO,—Cyxoif BO3lyX TOK BO3pacTaeT € Tep-
moHnansLienueM CuPc (kpusas /) B 3.6 pa3za, B KOM-
nosure nonumep—-CuPc (kpusas 2) — B 11.6 pa3sa, ecnu
U3MepeHHs MPOBefieHb! Yepes 1 CYyTKH NMocie CHHTE3a.
ITpu aTOM BeMMYHHA CEHCOPHOT'O OTKJIAKA [ OCaX-~
menHoro B BakyyMe CuPc cornacyercs no nopsaaky se-
JHYHHBI C TATEPATYPHBIMH RaHHbIMH [17].

Bospacranme OTK/IAKAa CHHTE3HPOBAHHOTO KOM-
MO3ATa MO CPABHEHHIO C OTKJIHKOM OCaXJCHHOTO B
BakyyMe CuPc MoxeT GbITh 00YCIOBIIEHO yBenuye-
HueM nosepxHocTH CuPc, KoTopoe cBs3aHO KaK C No-
PHCTOM CTPYKTYpOil KOMIIO3HTA, TaK M C MEHLIIIHMH
pa3MepaMi aucrieprupoBaHHbix Yyacrui CuPc. Bnns-
HHE MOPHCTOCTH MOATBEPXKAAETCA TEM (PAKTOM, YTO
Ne 7
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Puc. 3. CBa3b MeXJy HEPTrHeH aKTHBAllWH NIPOBO-
AMMOCTH ¥ MPENIKCIIOHEHIMANLHBIM MHOXHTENEM
B TEMMEpPATYPHOH 3aBHCHMOCTH NPOBOJHMOCTH
CuPc ¥ komnozutos CuPc-momumep. CrnouHas
NHHHA — pacueT no ¢opmyne (5).

MpH OCAXK/ICHHH KOMIO3HUTa NPH MOIIHOCTH BBICOKO-
YaCTOTHOrO paspsfa, npesbimatoumie 75 BT, ero
CEHCOpHbIE€ CBOMCTBAa YXYAIIANHChL. JTO CBA3AHO C
6oJee MIOTHOM CTPYKTYpO# oIAMEpa, CAHTE3HpYe-
Moro npa 6ojeied MOMHOCTH pa3psfia, a TaAKXKe C
mecrpykumeit Mmonekyn CuPc B nnaime. O6 yMeHb-
UIEHUH pa3MepoB AHECAEPTrAPOBAHHbIX YaCTHIL CBHJC-
TENLCTBYIOT ONTHYECKHE CNEKTPbI (CABHI NMPAaBOro
NHKa NOIJIOIIEHAsA KOMIIO3HTA Ha PHC. 2 B pailOH no-
JI0Cbl MOHOMEPA).

Bbino o6HapyXEHO, YTO OTKJIMK KOMIIO3HTa Ha
po3peiicreae NO, yBenuunBaeTcs Npu XpaHeHHA 06-
pasua B Tedenue 165 cyrok (puc. 5, kpusas 3) B 2 pa-
3a, B TO BpeMA Kak AN PTanondaHHHOBBIX MUICHOK
XapaKTEepHO yMEHbIIICHHE OTKJMAKA MPH MX XpaHe-
HEd. Tak, gas o6pa3ua OCaXJACHHOrO B BAaKyyMe
CuPc, xpaHHuBIIErOCs B TAKHX X€ YCIOBHSIX KaK KOM-
MIO3HT, OTKJIMK YMEHBIINICS 32 TO Xe Bpems B 1.7 pa-
33. MOXHO IpeANnoNOXUTh, YTO NOCE CAHTE3a Oc-
TaBIIHECS B MOJIAMEPE HaNpsiKeHUs NMPABOJAAT K pas-
MeJIbYCHHIO MUKpOKpHCTaIoB CuPc u yBennyeHno
HX MOBEPXHOCTH.

Ha puc. 6 npuBeneHa KAHETHKA OTKIAKA Ha IHOK-
CHE a30Ta TOTO Xe€, YTO Ha pHC. 5, KOMIIO3ATa, MoN-
BEPrHYTOro TepMuyeckod o6paGoTke B TeueHne 1 4
npu 160°C. [Janaslie nony4yeHsl Yepes 170 cyTok no-
Cclie CHHTE3a C OAHOBPEMEHHBIM H3MEPEHHEM CEHCOP-
HOrO OTKIJIHKA ocaxfeHHoro B BakyyMe CuPc. Tep-
M0oOpaboTKa He H3MEHAET XapakKTepa KHHETHKH.
Hi3MeHeHue BETHYAHBI OTKJINKA KOMIIO3HTA M0 CpaB-
HEHHIO C JAHHBIMH PHC. 5 06yCIIOBIEHO CKOpee BCETO
H3MEHEHHEM CTPYKTYpbl MOJAMEPHOM COCTaBJSAIO-
e MJICHKH [PH TEpMOOOpaGOTKE, TaK KaK H3MEHe-

BBICOKOMONEKYNAPHBIE COEIHHEHHUA  Cepus A
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Prc. 4. 3aBucuMOCThL UMRERaHca Kommosura CuPc—
NOAMMEDP OT YACTOThI INEKTPHYECKOTO NMOMA.

Hue noaaMopdHoit popmel CuPc npoucxoaaT npa
TeMIepaTypax, npesbimaromux 300°C [1].

Bri6op koopauHart //1,—1gt Ha puc. 6 oGycinoBieH
TeM, YTO KMHETHKA XeMOCopOUHn B psfic MaTepHa-
J0B, BKIfo4as cranonuaHuHbl [17], onmchisaerca
ypaBHEHHEM

Q = [In(t + 1) ~ In(t,))/B, )

rae Q — KOJHYECTBO ra3a, norjonaeMoe 3a Bpems ¢,
to = 1/bB, b 1 B — koHcTaHTBI. MBI NpepnonaraeM,
YTO H3MEPIAEMbIH TOK, NPOXORAILAN Yepe3 TOHKYIO
OpPraHHYECcKyIO IUICHKY, MPONOPLHOHANEH KONHYe-
CTBY morjomaeMoro rasa. B ciiyyae BbinonHeHus co-
otHouleHns (7) KAHETHKA B YKa3aHHBIX KOOpPAMHA-
Tax JINHEapA3yeTCA. :

Hcxonst a3 NPHIXKKOBOrO XapaKTepa MPOBOAHMO-
CTH, MOXKHO BBICKa3aTh CJERYIOIIHE COOOpaXXeHds O
MexaHm3Me HaONIoflaeMOro CeHCOPHOIO OTKJIHKA.
IMockoneky NO, B O, SABAAIOTCS OKHCIHTENAMH,
MOKHO MPERNOMOXHTD, YTO OHA OKa3bIBAIOT HA MIPO-
BOAMMOCTDb MOXOXeeE BIUSHAE: COPOUPOBaHHbIE MO-
NeKyNbl 3THX ra3oB GIOKHPYIOT HMEIOIIHUecT B HC-
XORHOM MaTepuale REHTPEI JJoKanu3auun. J[lelicTeu-
TeNLHO, KaK noxazano B pabote [18], Bo3peficTere
NO, na H,Pc, PbPc, ZnPc, CuPc, AlPcCl, AIPcF n
AlPc—O NpUBORHT K YMEHbIICHRIO SHEPTHH AKTHBA-
UM MPOBOAMMOCTH BCEX YKa3aHHBIX MaTEpPHANOB.
B cootBeTcTBHE ¢ popmyliolt (4) NpH 3TOM YMEHb-
IaeTCs KOHLEHTPALHA LEHTPOB JIOKaNH3aldd.
OG6o3Ha4uB Yepes ny KOHUCHTPAaLUMIO COGCTBEHHBIX
HEHTPOB JIOKAJNM3alHA H 4Yepe3 n KOHUEHTPaIHio
N7
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Puc. 5. OTKAMK Ha QHOKCHJ a30Ta MJIEHOK OCaXK-
aeHHoro B BakyyMe CuPc u komnosura CuPc-nonu-
Mmep. / — CuPc, 2 — KOMNO3HUT Yepe3 CYTKH Moclhe
CHHTE3a, 3 — TOT XK€ KOMNO3UT 4epe3 165 cyTok no-
cne cuHTe3a. BosgeiictBue NO, HavuuHaeTcs B MO-
MeHT BpeMend ¢t = 0 u okaHyuBaeTcs yepes 10 mMun.
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Puc. 6. 3aBUCHMOCTE OTKIHMKA MIEHOK KOMAO3HTA
CuPc-nonumep (1) u ocaxpgeHHoro B Bakyyme CuPc
(2) or Bpemenu po3peiicTeus NO,.

cop6GupoBaHHbIX Mostekyl NO,, Ha ocHoBe ¢opMyJ
(1) u (4) 3anuIeM COOTHOIIIEHHE

I _ G _ N, -3 -1/
‘I—a = Ga = exp{a[no (no n) ]+
(8)
4 173 e 1/3 173
+(T) mw["o —(ng—n) ]},

onpeaensoilee BeIHIUHY CECHCOPHOrO OTKIHKA Me-
TamndTanouuaHuHa Ha ra3-oKucnuTenb. B Beipaxe-

BBICOKOMOIIEKYISAPHBIE COEMMHEHUSA  Cepna A

NOYTEHHBIX u pp.

HuH (8) G, u G — NpOBOAUMOCTH 06Pa3La COOTBETCT-
BEHHO B [IOTOKE BO3yXa U B nmoToke cMecu NO,~Bo3-
myx. Haule npennmonoxexue o NponopuuoHanbHOCTH
TOKa KOJNIMYECTBY COPOHPYEMOro ra3a CrpaBeiJIuBo,
€CITH KOHLEHTpaLsi copoupoBaHHbIX Molekyn NO,
MHOTO MeHblIEe HCXORHOH KOHIEHTpAlUM LEHTPOB
NOKaNU3alKy B IUIEHKe. B 3TOM cy4ae MoxHO orpa-
HHYATBCS IMHEHHBIM YJIEHOM pa3noxeHus ¢gopMy-
abi (8) Mo cTeneHsAM BeIHYUHBI n/ny.

PucyHok 6 nokasbIBaeT, YTO KHHETHKA CEHCOPHO-
rO OTKJIMKA KaK JiI1 ocaxeHHoro B Bakyyme CuPc,
TaK ¥ [JI1 KOMIIO3UTa, COOTBETCTBYET YpaBHEHHIO
(7), HO sBnNAeTCSs RBYCTAagHHUHOM, MPHUYEM OTKIHK
KOMNO3uTa 6ojibliie OTKAHKA TEepPMOHAMbIIEHHOTO
CuPc Ha o6eux cragusax npouecca. K Han6onee sepo-
SATHBIM IPHYNHAM TAKOTO MOBEAEHHUS MOXHO OTHEC-
TH ABYCTafHIAHOCTH CaMOro npoiecca copOuun 1u60
pa3nu4YHOE MPOTEKaHUE MPOLECCOB HA MOBEPXHOCTH
H B 06’beMe IUIEHKH.

3AKIIIOYEHHE

Takum 06pa30M, B IJ1a3M€ BBICOKOYACTOTHOI'O
TIEIONIEro pa3psfia BO3MOXEH CHHTE3 KOMIO3MIH-
OHHBIX MATEpHAJIOB, COYETAIOIIUX MEXAHAYECKYHO
MPOYHOCTh NMONYYEHHbIX B [1a3Me TONUMEPOB C CeH-
COpHBIMH CBOMCTBaMH (pTajloLMaHHHA MemH. YcCTa-
HOBJIEHO, YTO B CHHTE3NPOBAaHHBIX KOMIIO3UTAaX pea-
JIM3YETCS MPBbIXKKOBBIA MEXaHH3M 3JIEKTPHUYECKOM
npoBoauMocTH. IIpa 3TOM YyBCTBHTENBHOCTD 3JI€K-
TponpoBogHOCTH K NO, st KOMIIO3UTOB, MONTYY€eH-
HbIX IPH MOILHOCTH pa3psfa, MeHblue 75 Br, Bhiiue,
4yeM y ocaxpeHHoro B Bakyyme CuPc. Orto penaer
yKa3aHHbIE KOMIIO3UThI NEPCIEKTHBHBIMH MaTepHa-
JIaMH )11 XAMHYECKHX CEHCOPOB.

Asrops1 mpuzHaTeneHbl H.A. Tloknonckomy,
B.I'. MlynuukoMy u A.B. Mucesuyy 3a momoins npu
BBINTOIHEHHH Pa0OTHL.
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Plasma-Synthesized Copper Phthalocyanine—Polymer Composite Sensor Films
A. E. Pochtennyi*, D. L. Sagaidak**, and G. G. Fedoruk**

*Belarussian State Technological University,
ul. Sverdlova 13a, Minsk, 220630 Belarus

**Sevchenko Institute of Applied Physical Problems,
ul. Kurchatova 7, Minsk, 220064 Belarus

Copper phthalocyanine—polymer composite structures, having the form of 10-600 nm thick films, were syn-
thesized. The films were deposited onto insulating substrates from RF (13.56 MHz) glow-discharge plasma in
a copper phthalocyanine-benzene vapor phase. The optical (visible range), electrophysical, and sensor (with
respect to nitrogen dioxide) properties of the material were studied. The results of ac and dc conductivity mea-
surements showed that the charge transport in the composite structures can be described in terms of the hopping
mechanism of conduction via the electron states with a radius of about 60 pm. The sensitivity of the composite
structures with respect to nitrogen dioxide is three times that of the usual vacuum- deposited films of copper
phthalocyanine. A possible mechanism explaining the response of the copper phthalocyanine based sensors to
oxidizing gases is proposed.
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