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CBETOAUO/ADI
CPEAHEBOJIHOBOIO
WK-ANANA30HA HA OCHOBE
FETEPOCTPYKTYP A%B’

B TA30AHAJIMTUYECKOM
NMPUBOPOCTPOEHUMN.
BO3MOXXHOCTHU

W NMPUMEHEHUA

b. Mamaees, 0.¢.-m.H., bmat@iropt3.ioffe.ru,
Qu3uko-mexHudeckuil uncmumym um. A.d.Hoppe
PAH, Caukm-Ilemepbype

MpepcTaBneHa UCTOPUSA OTeUeCTBEHHbIX paboT

Mo CO3JaHM1I0 ra30aHa/IN3aTOPOB HA OCHOBE
$POTOHHBIX UCTOYHUKOB U MPUEMHUKOB U3JTYYEHUS.
OxBayeHbl pa60Tbl MO U3Y4EHMUIO BO3MOXXHOCTEN
CBETOANOAO0B CpeiHEBOJIHOBOIO AManasoHa
cnekTpa (3—-5 MKM) Ha OCHOBE reTepoCTpyKTyp

A3B®, npoeeguMbie B ®TU um.A.®.Nodde PAH.
PaccMOTpeHHble UCCIe0BaHUS CBA3aHbI C pa3BUTHEM
HOBbIX NOAXOA0B B KOHCTPYUPOBAHUM TaKUX
CBETOAUOA0B U C UX creundruyeckuMm CBOMCTBaMU,
MCNoib3yeMbIMU B CUCTEMAX KOJIMHECTBEHHOI O

M KayeCTBEHHOro aHa/in3a rasoBbiX CMecei.

YVHKIJMOHAIbHBIE BO3MOXHOCTH IIpubo-

POB IIOCTOSIHHO PaCLIHPSIOTCSI, YTO CBS-

3aHO C HeNpepbIBHBIM IIPOLECCOM COBep-
LIIeHCTBOBAHHUS paHee CO3JaHHBIX 3JIeKTPOHHBIX
KOMIIOHEHTOB U POXJeHHeM HOBBEIX. [JIaBHBIM
o6pa3oM, 3TO KacaeTcs KOMIIOHEHTOB Ha OCHOBe
[IOJIYIIPOBOOAHHUKOB. Cpelyd HHX Ba’KHOE MeCTO
3aHUMAIOT OITO3JeKTPOHHBbIe AHOAHBbIE IMaphl -
HCTOYHUK-TIPUEMHHUK (omTomapsl), paboraro-
IHMe B IIepBOM OKHe IITPO3PAadyHOCTH aTMOCHepEl
(3-5 MKM). B 3TOM muarmasoHe CIIeKTpa HaXOLATCS
TaK>Ke XapaKTepUCTHYeCKHe II0JI0CHI IIOTJIOMIeHU
MHOTHUX IIPOMBIIIIEHHBIX U IIPUPOAHBIX ra3oB (CH,,
CO, CO, 1 HeKOTOPHIX APYrux). Panee B 0630pe [1]
y>Ke Oblma ocBemleHa posib OU3HMKO-TEXHHUYECKOTO
MHCTUTYyTa UM.A.®.Hodde B co3maHUU CBeTOLHOIA
(CO) KaK KJIHYeBOHM COCTAB/AIOIIeM TaKOH OIITO-
napsl. OgHako Ta paboTa 6bI71a KpariHe TaKOHHUYHA
Y He 0XBaThblBaJ/la BCeX ACIIeKTOB paCCMaTpPUBAeMOTI0
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The history of national works on the creation of gas
analyzers based on photon sources and detectors

of radiation is set forth in retrospect. Studies
concerning the capabilities of light emitting diodes
with medium-wave spectrum band (3-5 pm) based on
heterostructures A3B5, which were carried out in loffe
Physical-Technical Institute of the Russian Academy
of Sciences, are covered in the article. Studies are
connected with the development of new approaches
in the design of such light emitting diodes and

their specific properties used in the systems of
quantitative and qualitative analysis of gas mixtures.

constantly expanded and it is connected with

the continuous process of improvement of the
electron components which were designed earlier
and generation of new components. For the most
part, it applies to the semiconductor components.
Optoelectron pairs have significant role among
them: source-detector or optocouplers operating
in the first atmospheric transparency window
(3-5 pm). Characteristic bands of the absorption of
many industrial and natural gases (CH,, CO, CO,
and several other gases) are located in this spectrum
range. The role of Ioffe Physical-Technical Institute in
the creation of key component of such optocoupler -
light emitting diode (LED) has been covered earlier
in the review [1]. However, that work was laconic and
did not cover all aspects of the considered subject
matter. In particular, such important peculiarity of
the medium-wave IR emitters as their capability to

Functional capabilities of the devices are



SESSSSSSSSSSS  OPTOELECTRONIC DEVICES [UBUM

BOIlpoca. B uacTHOCTH, He OBIIM YIOMSHYTBHI
TaKHe Ba’kKHble 0COOeHHOCTH CpelHEeBOTHOBBIX
HK-u3ny4daTtener, KaK HX CIOCOOHOCTh reHEpPHUPO-
BaTh OTPHUIIATEBHYIO JIOMUHeCLleHIIUI0. He 6b1H
TaK>Ke OCBeIlleHbl BOIIPOCH IPUMeHeHH I IIOA0OHBIX
CIl B ra3oaHa/IMTHUYeCKOM aIlllapaType, IMOCTPOeH-
HOI Ha HKCIIO/Ib30BAHUM Pe3yJbTaTOB H3MepeHUU
ocnabneHus] M3Jy4YeHUS IPH €ro MPOXOKIeHUHU
vepes aHaJIM3UPYyeMyIo Ta3oByl0 cMecCh. B mpepna-
raeMoH CTaTbe CAeJlaHa MOIBITKA BOCIIOIHUTD 3TOT
npoben, OCBETHUTH CIIOCOOBI MOBBINIEHHS 3ddex-
THUBHOCTU paborsl omTomap - CHA-GOTONpHEMHHUK.
PaccMOTpeHBl TaKKe KOHCTPYKILIMHM Ta3oaHalHu3a-
TopoB ([A), mpennoskeHHble yYeHBIMU HHCTHUTYTa
B pasHble IOAbl U peaju30BaHHBIE 3aTeM B IIPO-
MBIIIJIEHHBIX A,

PaboThl O M3y4YEeHHUIO BO3MOKHOCTEH HKCIIOJb-
3oBaHus CJI cpemHeBoiHOoBoro MK-mumamasoHa
(3-5 mkM) B A, 0OCHOBaHHBIX Ha H3MepeHUH IIPOo-
3paYyHOCTH BO3JyxXa Ha BbIJENeHHBIX [QJIHHAX
BOJIH, OBLIIM HayaThl [0 MHUIIMATHBe mpodeccopa
I.H.Hacnenosa [2]. OHM CTalH eCTeCTBEHHBIM IIPO-
OO/IKeHHeM paboT II0 CMHTe3HPOBAHHIO KU HCCIIe-
JOBAHUIO Y3KO30HHBIX COeJHMHEHHUH InSb u InAs
B CO34aHHOI UM B 1951 rony B ®TH um.A.®.Hodde
nabopaTopUU 31eKTPOHHBIX I10AyIIPOBOAHUKOB.
K MoMeHTy Hadajua "CBeTOLHUOAHBIX' paboT coenu-
HeHHUS A3B® yke 3apeKOoMeH0BaIU cebs B KauecTBe
MaTepHaja, HCII0JAb3yeMOIo [Jis II0JYIIPOBOLHU-
KOBBIX JIa3epoB. Ba3oBBIM BK/IaJ B HX CO3/laHHe
BHeC/lIM PaboTel coTpymHHKoB OTH, KoNIeKTHB
KoToporo B 1964 roxmy Ob1 oTMeueH JIeHHHCKOM
npemMuer. PaboTel ObIM IOCBSIIEHBl H3y4YeHHUIO
peKoMOMHALIMOHHOrO HU3nyueHUs B GaAs. OTcooma
M XapaKTepHble [Jis TOrLO BpPeMeHH Ha3BaHUI
raseTHBIX CTaTell, IIOCBSIIIEHHBIX AHMOAHBIM Jiase-
pam: "Tunepbonounas” mpodeccopa Hacmemona” [3],
"Jlyd 13 ckasku' [4].

PasuTue paboT mo pas3paboTke CpegHEBOTHO-
Bpix CJ| Oblo mofJepkaHO M AKaJeMHeH Hayk,
M OTpacjieBbIMU OpPraHM3aLMIMU. YKe B allpeje
1972 ropa 3a omepaTHBHOe pelleHHe IIPo6ieMBI
CO34aHUs IepBbIX 06pasuoB ClI, U3/1y4YalOMUX Ha
IOJMHe BOMHBI 4,2 MKM U paboTamMmKUX IPU KOM-
HAaTHOM TeMIlepaType, a TakXe 3a oboCHOBaHHe
HOBOI'O IIePCIeKTHBHOIO HaIllpaBJIeHUS B CO3[a-
HHUH AaHA/K3aTOpoB ras3oB pgupexrtop ®TH akapge-
MUK B.M.TyuKeBUY IONy4HJI 61aromapcTBeHHOe
IIMCbMO 3a IIOAIMCBHIO PYKOBOOMTE/ISl IpenIpHs-
Tus 1n/ga P-6900 I''H.Kupukosa. Ba>kXHOCTb 3TOro
coOpITHS OBlIIA CTOJNb BeAMKa, YTO 3a IE€PBEHCTBO
B HCIIONb30BaHHUM Takux CJl Ha HOPUIUYECKOM
nonie 6oponuchk u ®TU, u Ocoboe KB TeXHHUUECKOH
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Puc.1. baok cxema I'A ¢ koppekuyuel cuzHanos omonpu-
emMHUKo8: 1-"usmepumenpHbil" C/l; 2 - "KanubposouHbil"
CA; 3 - "usmepumenbHbil” pomonpuemHuK; 4 — 0nopHbIl
domonpuemHUK; 5 - 6A0K 06pabomiku cuzHanos; 6 — Kvoeema
¢ aHanusupyembim (N02AOWAKWLUM U3AYHeHUe) 8eleCmB8om;
7 —~00N0AHUMEAbHbIL C8eMOAUOOHbIL U3Ay4amenb

Fig. 1. Flow chart of GA with correction of photodetector
signals: 1- "measuring” LED; 2 - "calibrating" LED;
3-"measuring" photodetector; 4 - bearing photodetector;

S - unit for signal processing; 6 - cell with analyzed (radiation
absorbing) material; 7 - additional light emitter

generate negative luminescence was not mentioned.
Also, the issues of application of similar LEDs in
gas-analysis equipment designed on the basis of
the results of radiation attenuation measurement
upon radiation propagation through the analyzed
gas mixture were not covered. Attempt to fill up this
gap, cover the methods of performance enhancement
of the optocouplers - LED-photodetector is made in
the article. Also, the constructions of gas analyzers
(CA) suggested by the institute scientists in different
periods and afterwards, which were implemented in
industrial GAs, are considered.

Works concerning the study of capabilities of use
of the LED with medium-wave IR band (3-5 pm) in
GAs based on the measurement of air transparency
on designated wavelengths were commenced at
the initiative of Professor NasledovD.N. [2]. They
became natural continuation of the works related
to the synthesizing and research of narrow-band
compounds InSb and InAs in the Laboratory of
Electron Semiconductors organized in loffe Physical-
Technical Institute (PTI) in 1951. By the moment of
commencement of "light emitting diode" works, the
compounds A3B°> have proved to be good material
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Kubepueruku JIIIU [5]. MHorue coTpynHuku OTH
ObLIM 3aHSATHL UCCIeIOBAHUSIMU METOLOB ONTHMHU-
3allMM KOHCTPYKLI KU 'A. OCHOBHasl TPYAHOCTD CO3-
naHus A cTana MOHSTHOM C CAMOro Hadana pabor -
TeMIlepaTypHas HeCTabMJIBHOCTh HHTEHCHUBHOCTHU
CI Ha doHe HeOONBUIMX H3MEHEHUH I10JI€3HOT0
curHazna. Ilo3ToMy y>Ke OfHA HX CaMBbIX IIepPBBIX
KOHCTPYKUHI 'cBeToguonHbIX' T'A (be3 MexaHH-
YeCKOTo IIpephiBaTelsl IOTOKOB M3JIyYeHUs) Mpej-
ycMaTpuBajla A KOPPeKTHPOBKH TeMIlepaTyp-
HOM HeCTAabMJIBHOCTH HaJIMYHe OIOPHOro KaHaja
B BUe cBeToBoza [6].

U Bce ke paboThl 10 HOBOMY, KaK TeIlepb IIPU-
HSITO FOBOPHUTh MHHOBAlLlMOHHOMY, HaIlpPaBJIeHUIO
IPOABUTAIUCh HeNOCTAaTOYHO OpicTpo. OgHOM
M3 MNPUYUH CTaJI0 TO, YTO IHpeAJoKeHHble BapH-
AHTBI KOHCTPYKIU MK CJl 6BIIM OCHOBAHBI Ha UCIIONb-
30BaHUHU "06BeMHBIX" MaTepHalioB - apceHHUAa
UHAUS (I 4IUH BoaH 3,8-4,2 MKM) [5] ¥ TBepaoro
pactBopa InGa, As, (x<0,06) (A\=3,3-3,7 Mmxm) [7, 8]).
[TosToMy OHH He obnaganyd MHOTMMH IIPeHMY-
IecCTBAMU FeTepOCTPYKTYpP, TAKUMHU KaK KOHTPO-
THUpyeMoe 3JeKTpUYecKoe OrpaHHUYeHHe 00/1acTH
peKoMOMHAIIUX HHXKEeKTHPOBAHHBIX HOCHTeNeH
3apsifia, BHIBOJ PeKOMOMHAIIMOHHOTO M3JIyYeHHS
4Jepe3 IIHMPOKO30HHBIE II0JIyIIPOBOLHUKOBEIE CJIOH
("okHa"). KpoMe 3TOro, KBaHTOBBIM BBIXOJ B KOM-
[IeHCUPOBAHHOM apCeHHJe HHAHUS, IIPeAIOXKeH-
HOM B paboTe [5] B KauecTBe aKTHBHON 06sacTH
OJIs. MOJy4YeHUs] M3/ydeHHUS Ha [JIHMHe BOJHBI
4,2 MmxM, 6Bl KpaKHe HH30K. [I03TOMY BIIOIHE
3aKOHOMEPHO, 4YTO BTOpoOe [blXaHHe B Pa3BUTHH
HCCIef0BaHUH IOSBHMJIOCH JIMIIb IIOC/Ie OCBOEHHS
3MMTAKCHAIBHOM TeXHOJIOTUH POCTa IeTepOCTPYK-
Typ Ha OCHOBe apceHHJAA HHAHUSA. Ee mona pyKo-
BOACTBOM IIpodeccopa A.A.PoradyeBa pasBUBaIU
B J1abOpaTOpHUU 3/JeKTPOHHBIX IOJYIIPOBOJHUKOB
H.M.Ctycp u T'.H.TananakuH [9] B coTpynHHUe-
cTBe c H.B.30ToBOI. JIMIIb Yepe3 MATh JIeT YAAJIOCh
0O06HUTHCA CYLIeCTBEHHOIO YAydlIeHHs XapakTe-
puctuk CJI. Pe3ynbpraTy mpeAlIecTBOBAIN PaboTHI,
IIPOBOAUMBIE B paMKaxX JOJTOCPOYHOIO XO3M0r0-
Bopa Io TeMe "HccieloBaHUS BO3MOXKHOCTH CO3/a-
HUS Ta30aHaJM3aTopa Ha OCHOBe TBepLOTEeIbHOIO
HMCTOYHHMKA H3/Iy4YeHHUs', 3aKIOUeHHOI0 MeXIY
MUHHCTepCTBOM NpHU6OPOCTPOEHHUS, CPeCTB aBTO-
MaTH3alUU KU CHCTeM ynpaBiaeHus (BHHHAIIL,
Kues) u O®TH. CoTpyAHHUYECTBO KU MHOTOBOPHAas
paboTta ®TH c opraHHU3aLUsIMHU Ha YKpPaHHe II0 pas-
pa60TKe CJl u TA ipopmoJKalIuch ¢ 1978 mo 1992 roga.
B 1983 rony 339871 BIIePBbIe CO3[aHBI HeOXJIasKaa-
emble CJI Ha OCHOBe HOBOTO TBEPAOIO PacTBOpa
InAsSb(P), paboTarmue Ha gaKHAX BoaH boee 4,3
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Puc.2. Cxema cpedHegonHos020 C/] Ha 0CHO8e NoAynpoeo-
dHukos I11-V [26]:1- koHmakmHblii cAoll p-muna, 2 - croli
n-mund, 3 - c6emoebI8o0sILLASI NOBEPXHOCMb NOOAOXKKU
n-munda, 4 - kKamoad, 5 - KoHmMakm K Kamody Ha KOHMAakmHou
naame, 6- KOHMAKMHAs NAAMA Ha 0cHose Si, 7 — KOHMakmbal
K kamody, 8 ~aHod, 9 — KoHmMakm K aHody Ha Si naame,

10 - KoHmakm K aHody, 11 = AuH3a u3 Si 6 popme noay-
cdepbl Beelipwmpacca., 12 - 3nokcudHas cmoad, 13 = kopnyc
CJ. Onmuyecku 8036ysdaembil CA1: 3 - GaAs, 13 - kopnyc
TO-39, 14, 15 - onmuyecKkue Kaeu, 16 — naacmuHa u3 InSb
(unu unoli "pocdop”, hv, > hv,). Inexmpuuecku 8036ysdae-
mbili C1: 1-p = InAsSbP, 2 - n-InAs(Sb), 3- n + - InAs, 13- kop-
nyc e sude suHma, 14, 15, 16 - onmuyeckue kaeu (hv] = hvz)
Fig. 2. Scheme of medium-wave LED based on semiconductors
I1I-V [25]:1- contact layer of p-type, 2 - layer of n-type,

3 - light output surface of base layer of n-type, 4 - cathode,

5 - connection terminal for cathode on contact plate,

6 - contact plate based on Si, 7 - connection terminals for
cathode, 8 - anode, 9 - connection terminal for anode on Si
plate, 10 - connection terminal for anode, 11 - Si lens in the
form of Weierstrass hemisphere, 12 - epoxy resin, 13 = LED
frame. Optically excited LED: 3 - GaAs, 13 - body TO-39, 14,
15 - optical adhesives, 16 - InSb (or other "phosphor", hv, >
hv,) plate. Electrically excited LED: 1-p ~ InAsSbP, 2 - n-InAs
(Sb), 3-n+-1InAs, 13 - frame in the form of propeller, 14, 15,
16 - optical adhesives (hv,= hv,)

which can be used for semiconductor lasers.
Fundamental contribution to their design was made
by the works of PTI; this team was awarded to
the Lenin Prize in 1964. Works were devoted to the
study of recombination radiation in GaAs. Thus, the
headings which were typical for that time were given
to the articles devoted to the GaAs-based lasers:
"Hyperboloids’ of Professor Nasledov" [3], "Beam from
Fairy-Tale" [4].

Expansion of works connected with the
development of medium-wave LEDs was supported by
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MKM [10]. ITomumo sToro, u C/l Ha ocHoBe InGaAs,
y>Ke CTaBLIKMe 'TPAaJAHULMOHHBIMHU , OTHBIHE CTalH
BBIIIYCKATbCSI B IeTEPO3MHUTAKCUAIBHOM HCIIOIHe-
HUU. Hapsazay c 3TUM 3aMeTHM, 4YTO 3MUTAKCHAJIb-
Has TeXHOJIOTHS H3MeHHJ/Ia IIpeACTaBJIeHHe U O
"IPaBUJIBHON" JJIMHe BOJIHBI MaKCHUMyMa H3Jyde-
Hus CII U3 apceHHUJA UHAMUS - OTHBIHE 3TOT MaK-
CHMYM JJIsI HeJIerMPOBAHHON aKTHBHOM obiacTu
u3 InAs Haxogurcsa B obnactu 3,3-3,4 MkM (300K),
COOTBeTCTBYIOIEH ero 3HepreTHYeCKOMY 3a30py
(11].

B oTanuue OT MpeXHero TeXHHUYeCcKOro pelle-
Hus [5], npexpmnonaraBmero Aasi GOpMHUPOBAHUS
HAIIpaB/IeHHOIO0 Iy4YKa H3Jy4YeHHs IIPUMEHSThb
pednexTopsl, A.A.Poraves IIpenIOKU MCIIOJIb30-
BaTh OAHO M3 3aMeyaTe/JbHBIX CBOUCTB CIl - HX
BBICOKYIO SIPKOCTb. Ha CerogHSIIHUMN JeHb JOCTHI-
HyTasg SAPKOCTb [/ JIYyUYIIUX CpefHeBOTHOBBIX
obpasuoB CJ| 3KBUBaJIeHTHA SPKOCTHU abCOMIOTHO
YepHOTO Teja, Harperoro no 1250 K [11]. MMeHHO
SPKOCTb, a He HHTerpaJIbHas MOILHOCTb H3JydYe-
HHS, CTaja KJIOYEeBBIM CBOMCTBOM, IIO3BOJIHB-
IIMM CO3[4aTh MaKeT BbICOKOUYBCTBUTEIBHOIO
aHaaM3aTopa MeTaHa C OTHOCHUTENBHO MAaJIBIMU
rabaputamu. brnaromaps HeOoJbIIMM pa3Mepam
usnyvarmomen obnactu CJi, ero HCIOIb30BAIH

Syl 4

the Academy of Sciences and industry organizations.
In April 1972 Tuchkevich V.M., Academician, Director
of PTI, received’ recognition letter for the operative
solution of the issue connected with the design of
the first samples of LEDs emitting on the wavelength
of 4.2 pm and operating at room temperature, and
for the justification of new prospective area in the
creation of gas analyzers of the year. Significance
of this event was so great that PTI and Special
Design Engineering Bureau of Technical Cybernetics
of Leningrad Polytechnic Institute (LPI) were in
contention for the first place in the area of use of such
LEDs in the legal field [5]. Many PTI employees were
involved in the study of methods of GA structural
optimization. The main challenge in GA design
became clear from the moment when the works
were commenced - temperature instability of LED
intensity against the background of insignificant
changes of desired signal. Therefore, one of the first
constructions of "light emitting diode" CGAs (without
mechanical chopper of radiation flux) provided the
presence of reference channel [6] in the form of light
guide for the correction of temperature instability.
But still, works connected with the new, or as
it is commonly accepted to say, innovative trend
expanded with insufficient speed. One of the reasons

*

Letter signed by Kirikov G.N., Director of Enterprise, P.O.Box|
P-6900
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B JUCIEepPrUpylollel ONTHYeCKOM cXeMe cO cde-
pHUYeCKHM 3epKajoM C IIJIOCKOM AUPPaKILHMOHHOM
pemeTKkor. CIeKTpaJbHOe pa3pelleHHe CXeMBI
Ob110 He Xyxke 0,02 MKM, YTO OKa3ajJoCh AOCTa-
TOYHBIM [JIsI MU3MepeHHs IIPOIyCKaHUsS B ob6ia-
CTH OCHOBHOM JIMHHWHU IIOIJIOIIeHHS MeTaHa (3,32-
3,34 MKM). H3roToB/lIeHHBIN MakeT T'A (Fa6apI/ITLI
350x150x200 MM) C dboToCcOmpoTHUBIEHHEM
u3 PbSe B KauecTBe QorompueMHHKa u CJ[ Ha
ocHoBe p-InGaAs/n-InGaAs/n-InAs obecmeuuBain
obHapyskeHHe MeTaHa C IIpeJelbHOM KOHLIEHTPa-
IMel B ra3oBou cMecu - 0,002 06. moi.% [12].

KoHCTpyKI M4, IpenjaokeHHas A.A.PorayeshbiM,
MoNy4u/a JalbHelIlee pa3BUTHe U B MHOTOKOMIIO-
HeHTHBIX aHaJIHu3aTopaX. OHa I03BOJIsAIa UCCIe0-
BaTh ¥ U3MEePATH CIIEKTPHI IIPOIYCKAHU A Ta30B IIPHU
3JIEKTPOHHOM CKaHHPOBAHHU CIIEKTPOB C IIOMO-
IIBI0 MOHOJUTHBIX JTUHeeKk CJI [13], a TakKe H3Me-
PATh KOHLIEeHTPAaLlMK Ia30B B LIMPOKOM CIIeKTPaJlb-
HOM [Halla3oHe IIPHU HCIIOIb30BAHHUHU KOMIIJIEKTa
OuckpeTHbx CJI MU BOTHYTOM IUPPaKIIMOHHOU
pemeTkH [14].

Pa3Ban oTpacjeBOM HAayKH, IOC/IeL0BaB-
MUK 3a pas3BasoM CCCP, He MO3BOJNHIJ KOJJIEeK-
THUBY aBTOPOB U 3asBUTeNI0 U306peTeHus [14] mpo-
OOJKUTH paboThl M [OBECTH OIIBITHBIE 00pa3Iibl
IO IMIPOMBIIIJIEHHOIO BBIIIYCKAa. OmHAKO PaboTsl
B ®THU He mpekpamanuch, B TOM uuciae b61aro-
Iapsi KOHTAKTaM C 3apybeskHBIMH CIIeLIMaTUCTaMHU
[15, 16]. CorpynHuuectso ®TH u TexHHUYECKOTO
HccnenmoBartenbckoro lleHTpa PUHISHOUU (VTT)
II03BOJIMJIO Pa3paboTaTe M Co34aTh MHUHHUATIOP-
HBIH CBETOAHOAHBIN CIIeKTpoMeTp. [Ipu rabapurax,
OIU3KKUX K pa3MepaM CIIMUYe4YHOro Kopobka, ero
OIITUYeCKOe paspelleHHe B 0671aCTH 3 MKM B KaX-
IOM M3 CeMH H3MepHUTeJbHBIX KaHaJIOB COCTaB-
nss10 60 HM [15]. 3TO 6BI/I0 LOCTATOUHBIM YCIOBHEM
IJIsl IIpOBeNeHUsI KadeCTBEeHHOIO aHaju3a CJIO0XK-
HBIX CMecell BellleCTB. IIpuMep TaKoro KaueCTBeH-
HOTO aHa/IM3a, OCHOBAHHOIO Ha MHIMBUIYaIbHBIX
0COBEHHOCTSX CIEKTPOB IOIVIOMIEHUST PA3TUUYHBIX
yIJ1eBOAOPOJOB, MOXKHO HaHUTH B [16].

B 1994 rony 6bl1a opeajoXKeHa o4HA M3 CaAMBIX
yOAUHBIX KOHCTPYKLIMK HeJHUCIIepCHOHHBIX HHpa-
KpaCHBIX (NDIR) TA [17], BIIOCJIeACTBUU €e HCIIONIb-
30BaJM B CBOMX CepUUHBIX mnpubopax PHUU
"dnexTpoHcTaHmapt’ [18, 19], OO0 "dmMu" u ux
IouepHUe KOMIIaHUHU. Ha puc.l mpuBenena 6iok-
cxeMa OJHOI0 U3 NpeAJoKeHHbIX B [17] BADHAHTOB:
IIpU II0OYepeJHOM BKJIIOUEHHHU CBETOAHOLOB 1 U 2
bopMupyeTcsl cUCTeMa M3 4YeThIpex CHUI'HaJoB (0
IBa OJHOBPEeMEeHHBIX CUTHAJIa C KayXI0ro GoToIpu-
eMHHKa 3 1 4). [Ipu 3ToM H3ydeHHUe ofHoro us CJl
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consisted in the fact that suggested variants of the
LED constructions were based on the use of "bulk”
materials - indium arsenide (for wavelengths of
3.8-4.2 um) [5] and solid solution InGa, ,As, (x<0.06)
(A=3.3-3.7 pm) [7, 8]). Therefore, they did not have
many advantages of the heterostructures, which are
similar to such advantages as controlled electrical
constraint of recombination region of injected charge
carriers, recombination radiation coupling through
wide-band gap semiconductor layers ("windows").
Besides, quantum yield in the compensated indium
arsenide suggested in the capacity of active region
for the obtainment of radiation on the wavelength
of 4.2 pm in [6] was extremely low. That is why,
it is not surprising that development of studies
found new lease of life only after the assimilation
of epitaxial technology of structures growth on the
basis of indium arsenide. It was developed under
the supervision of Professor Rogachev A.A. in
the Laboratory of Electron Semiconductors by the
employees Stus N.M. and Talalakin G.N. [9]. Only
after five years they managed to improve LED
characteristics considerably. Works carried out
within the framework of long-term commercial
agreement with the title "Research of Capabilities
of Gas Analyzer Design on the Basis of Solid-State
Radiation Source"” concluded between the Ministry
of Instrument-Making, Automation Facilities and
Control Systems (All-Union Research Institute of
Analytical Instrument Engineering, Kiev) and PTI
preceded to the result. In 1983 uncooled LEDs based on
the new solid solution InAsSb (P), which functioned
on the wavelengths of more than 4.3 pm [10], were
designed for the first time. In addition, InGaAs-
based LEDs, which have become "traditional” already,
also obtained hetero-epitaxial form. Also, it should
be noted that epitaxial technology changed the
concept of the "correct” wavelength of maximum LED
radiation from indium arsenide - henceforth this
maximum for undoped active regions from InAs was
located in the region 3.3-3.4 pm (300 K) corresponding
to its energy gap [11].

As opposed to the former technical solution
[5], which suggested the application of reflectors
for the formation of directed radiation beam,
A.A.Rogachev offered to use one wonderful property
of LEDs - their high brightness. As of today, the
brightness achieved for the best samples of LEDs is
equivalent to the brightness of the absolute black

¥ Cooperation and contractual work of PTI with Ukrainian

organizations on the development of LED and CA continued up
to0 1992.
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(310 "KanubpoBouHbIE" CJ| - 2) He IPOXOAHUT 4Yepe3
KioBeTy. [J[ng Takoro A cymecTByeT "HHBapHUaHT-
HBIH' IlapaMeTp A, COCTOSINMM K3 KOMOMHAIUHU
YeThlpex CHTHAJIOB ¢ QOTOIPHUEMHHKOB - S|, rie
BepXHHe HH/eKChl - HOMepa UCTOYHHUKOB (i=1,2) , a
HUKHHe MHJEeKCH - HOMepa IIPHeMHUKOB H3J/yue-

usg (k=3,4).

S S

A=2.2
53

body heated up to 1250 K [11]. Specifically brightness,
but not integrated radiation power, became the
key property which made it possible to create the
prototype of high-sensitive methane analyzer with
relatively small dimensions. Due to the small area
of LED emission region, it was placed into the
dispersive optical scheme with spherical mirror and
plane diffraction grating. The spectral resolution
of used grating was not worse than 0.02 pm and
it turned out to be enough for the transmission
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3HauyeHHe IapaMeTpa  3aBHUCHUT  JIUIIb
0T cTemeHU ocnabnenus usnydenus CJI 3a cuer
ero IIOIVIONeHMSI AHAJIHW3HPyeMBIM BeIleCTBOM
(razoM), IIOMeIeHHBIM B KIOBeTY. I[I03TOMY BBIYMC-
nsileMoe MHKPOIIPOLIeCCOPOM 3HadeHHe IlapaMeTpa
A He 3aBHUCHUT HH OT H3MeHeHHS HHIUBHUIYyasb-
HBIX CBOMCTB QOTOIIPHUEMHHUKOB, HU OT U3MeHeHHU I
cBoicTB C/I. M3BeCTHO, UYTO H3MEHeHUS CBOUCTB
CJ] IposIB/ISIIOTCS, HAIIPUMeP, IIPU U3MeHeHUH UX
CcOOCTBEeHHOM TeMIIepaTyphl IIO[ HeHCTBHEM TeM-
IepaTypsl OKpyXKamllei cpeasl. [logmobHas cxema
M crocob o6paboTKM CUrHala MPUBOAST K IIONY-
YeHHUI0O W3MepHUTEeNbHBIX NAaHHBIX, cn1abo moxsep-
SKeHBIX BJIHSHHUIO TeMIIepaTypPHBIX H3MeHeHHUM
napamMeTpoB C/l u $oTOIpPHeMHHUKOB. TaKOHN MeTOZ,
H3MepeHHUHN MokeT OBITh pacHpocTpaHeH M Ha
cxeMy C 6OTBIIMM YHCJIOM 3JIeMEHTOB, HaIIpHMep
(cm. puc.l) ans nByx u3MepuTenbHblx CIH (1, 7)
u ogHoro "Kanubposounoro” C[ (5).

B psime ciydaeB, HAaIlpUMep B OTCYTCTBHE Tpe-
60BaHM I BBICOKOM TOUHOCTH H3MepeHHUU ['A u/unu
IIPY BO3MOKHOCTH IIPOBeJeHUS KaJTuOPOBKU HYIIS
OoTCYeTa HeIIOCPe[CTBEHHO Ilepel, M3MepeHHUSIMHU
"kanubpoBouHbIi” CJl MokeT 6BITh U BOBCe OIyIleH
(Ha puc.l 3To 3KBUBAJIEHTHO OTCYTCTBHUIO ITO3ULIUI
2 u 7). Takag omlTUYeckas cxeMa BKJO4YaeT B cebd,
HaIlpuMep, JULIb ABA poTonpueMHHUKA, oguH C[|
U chepuueckoe 3epKajo [16]. CxeMa Opla peanuso-
BaHA B IIOpTaTUBHBEIX I'A yriekuciaoro rasa THAM-
302, co3maHHBIX Ha ocHoBe CJI, HM3/JIy4aloInero Ha
IOJMHe BOJHBL 4,2 MKM, U QOoTOIpHeMHHKa Ha
ocHoBe PbSe (TA BmImyckasio mpepnpusitue HIIO
"AHanuTtnpubop’, CMOJIeHCK).

CrenyomUI Ba>KHBIM 3TAIl B Pa3BUTHUU [A Ha
ocHoBe CJ/l OB BBI3BAaH HA4aJIOM HCIIONIB30BAHHUS
HMMePCHOHHOIO CONPsi>KeHU s uuIoB CJl c oTu4e-
CKUMH 3JIeMeHTaMH, HAalpUMep C KpeMHHUEBBIMU
JIMH3aMH U OIITHYeCKHMH BOJTOKHAMH C UCII0IB30-
BaHHeM 'OIITHUYeCKOTo Kjes'" M3 XaJIbKOIeHHJTHOI0
CTeKJa C BBICOKHMM IIOKa3aTeleM IIPeloMJIeHHUS
(n=2,4) [20-26]. bnaromaps TaKOMY COIPSI>KeHHIO
U Py APYIHX YCOBePIIeHCTBOBAHUI KOHCTPYK-
uuu uyuna CJ (puc.2), ymaaoch CyllecTBeHHO (B
3-5 pa3) HOBBICUTH KO3QOHIIMEHT BBIBOZA H3JIyde-
HUS K3 [OJYIPOBOLHHUKA M CO34ATh LeNbIM P,
3¢pderTHBHBIX C/I C AJITMHOM BOJHEI OT 2 10 5,5 MKM
(puc.3) M y3KOM /JuUarpaMMOM HaIlpaB/eHHO-
ctu [12, 24, 26]. BmociaeacTBHUUM MCIIOAb30BAHHE
MMMEPCHOHHBIX CJI0eB Ha OCHOBE XaJbKOTeHHUJ-
HBIX CTeKoa 6pUIO0 "mponybirpoBaHO" BO MHO-
rux paborax, mocBsmeHHBIX doTommomam [27], a
TaKke ONTHYeCcKH B0o3OykmaembiM CJl Ha OCHOBe
A*B® [28]. Co3maHue >Ke TEXHOJOTHHU CEPUHHOIO
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measurement in the region of principal line of
methane absorption (3.32-3.34 pm). Made prototype
of GA (dimensions 350x150x200 mm) with PbSe
photoresistor in the capacity of photodetector
and LED based on p-InGaAs/n-InCaAs/n-InAs
provided the detection of methane with the limit
concentration in gas mixture of 0.002 mol% [12].

Construction which was offered by A.A.Rogachev
got its further development in the multi-component
analyzers. They made it possible to study and
measure transmission spectrums of gases upon the
scanning of spectrums with the help of monolithic
LED arrays [13] and measure gas concentrations in
wide spectral range using the set of discrete LEDs
and concave grating [14].

Collapse of sectoral science which followed the
dissolution of the USSR did not allow for the group
of authors and invention applicant [14] to continue
works and accomplish the industrial production of
prototype. However, execution of works in PTI did
not stop and it was possible thanks to the contacts
with foreign specialists [15, 16]. Cooperation of
PTI and Technical Research Center of Finland
(VIT) made it possible to develop and design the
miniaturized light emitting diode spectrometer.
With the dimensions which are close to the size of
matchbox, its optical resolution in the region of 3
pm in each of seven measurement channels was
60 nm. It was sufficient condition in order to carry
out the qualitative analysis of complex mixtures
(15]. Example of such qualitative analysis based
on the individual peculiarities of the absorption
spectrums of different hydrocarbons can be found
in [16].

In 1994 one of the best constructions of non-
dispersive infrared GAs (Non Dispersional Irradium
Radiation - NDIR) [17] was offered and subsequently
it was used in commercially produced devices by the
Russian Research Institute "Elektronstandart” [18,
19], LLC "Emi" and their subsidiary companies. In
Fig. 1 the flow chart of one variant suggested in [17]
is given: upon sequential switching of light
emitting diodes 1 and 2 the system of four signals is
formed (two simultaneous signals per each
photodetector 3 and 4). Radiation of one LED (which
is "calibrating" LED-2) does not propagate through
the cell. In the paper [17] it is shown that there is
parameter A, combination of signals from
photodetectors - S, where the indices i, k refer to
the numbers of elements

s

A=23.24
S
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IIPOU3BOACTBA "HMMepcHOHHBIX" CJl Ha OCHOBe
A3B® I103BOJIM/IO Ha4aTh UCII0Ib30BAHHME 3TUX U3y~
4JaTesjer BO MHOTHX OTPAC/sIX IPOMBIIIJIEHHOCTH.
B ymOMSHYTBIX paHee IIOPTAaTHUBHBIX aHA/IH3aToO-
pax TMAM-302 ¥ MeIULIMHCKUX KanHorpadax [29]
CJl 103BONANMKA HU3MEPSATh KOHLIEHTPALUIO YyIje-
KMCJIOr0 Ta3a M [apaMeTphl AbIXaHHS IallHeHTa.
KoucTpyknus Hebonpmux 1o pasmepy CI, coCThI-
KOBaHHBIX C BOTHYTBIMH OTpPa’kaTeasIMHM, KUCIIOIb-
30BaJjiach IIPHU CO3MAHUU Y3KOHAIIPABIEHHBIX ITy4Y-
KOB H3jly4yeHUs. X INPUMEHSIOT B TPacCOBBHIX (C
JJIMHOM ONTHYeCKOro ImyTH o 100 M) TA, aBasAIO-
IUXCS YacThlo CHCTeM obecredeHus: 6e3o0macHo-
CTHU Ha HedTellepeTroHHBIX 3aBofax [30]. Ha ocHoBe
MMMEPCHOHHO CONPSAKeHHBIX YuIloB CJl ¢ onTHuyYe-
CKMMHM 3JIEeMEHTaMH TaK>Ke IIOCTPOEHBI KOHCTPYK-
IMHM MHHUATIOPHBIX OINTHKO-aKyCTUYECKHUX CeH-
copoB [31], B KOTOPBIX BBOJ, CXOHSIErocs Mydka
H3JIy4YeHHUs] B OINTHKO-aKyCTHYEeCKYIO SiYelKy IIpo-
M3BOJHTCS Yepe3 OKHO C MaJILIMH Pa3sMepaMH.

BMECTO 3AKJ/TIOYEHUA

C mMoMeHTa Hayana pabor Hapj co3maHuem A Ha
ocHOBe MK-CBeTOOMOLOB KOHCTPYKILIMU IIOCTIEN-
HHUX IpeTeplesu CyllecCTBeHHbE H3MeHe-
HHSA, a B KoHOuUIypanuio I'A, mpenaokeHHBIX
IO.H.HacmemoBbIM H ero COTPYSHHKAMH, (3806
BHECEHO HeMmaJio HoBmecTB. OJHAKO, Ja’ke MMes
B BH/Y yCIIEIIHOe U MHOrOJIeTHee COTPYAHHUYECTBO
®TH U ero Ao4YepHUX NPefIPUATHH C OPraHH3aA-
UMAMHU, OpousBoAAlIMMU T'A, He cinepyer mona-
raTh, YTO BCe HayuHble U TeXHUUeCKHe pobaeMsl
B CO3JaHHH U HCIIONb30BAHUH CPeIHEBOJIHOBBIX
CIl yke pelleHBl U HET OCHOBAHHUH /51 CIOPIPH-
30B. XOpoIlHe IepCHeKTHUBB OTKPHIBAIOTCA /I
ucronb3oBanusa CJl B ONTHUKO-aKyCTHYeCKHX A
[26, 32]; B omTHUUYeCKHUX CXeMaX CIIeKTPOMEeTPOB Ha
OCHOBE JIMHeeK ¥ MATPHUIL], U3TOTOBJEHHBIX 10 TeX"
HOJIOTHM QIUII-YMII, B KOTOPBIX CHHYKEHO B3au-
MOBJIMSHHE 37IeMeHTOB [33]; IpHU HMCII0/b30BaHUU
cornmacoBaHHBIX Hap CI-doTomuon, B TOM 4YHUCIIe
BOJIOKOHHO-OIITUYeCKUX [23], IIO3BONSIOMIKUX pea-
JIM30BaTh MHHKMMAaJIbHOE M3 BCeX CYLIeCTBYIOLIHX
KOMIIOHEHTOB 3HepromnorpebseHue ra3oBoro CeH-
copa [34]. BO3MOXXHO, MHOTHM IIOKa>keTCs CTPaH-
HBIM, 4TO /1 3P deKTHuBHOM paboTsl ['A B yCTIOBHIX
IIOBBIIIEHHBIX TeMIlepaTyp Ha CJ] Hy>KHO [10aBaTh
obpaTHoe ("3amopHoe") HampsiKeHHe, HUHUIIUUPY-
Ioljee OTPHULATENbHYI JTIOMUHECIEHIIHIO [35, 36,
371, a ons monydeHHs Ko3ddHIIMeHTa I0TIe3HOTO
IenCcTBUA, npesbimampmero 100%, MOXKHO II0/Ib-
30BaThCsl 'O0OBIYHBIMHU" MMMePCHOHHBIMHU CJ| Ha
OCHOBe Y3KO30HHBIX TeTepoCTPyKTyp A3B> [38].

Syl 4

Parameter value depends only on the degree of LED
radiation attenuation by the absorption of analyzed
material (gas) placed into the cell. Therefore, the value
of parameter A calculated by microprocessor does not
depend on the variation of individual properties of
photodetectors and LEDs which occur, for example,
during the change of their own temperatures or
environmental temperature. Similar scheme and
method of the signal processing, which result in the
obtainmentof measurementdata, are poorly influenced
by the temperature parameter changes of LEDs and
photodetectors. Such method of measurements can be
applied to the scheme with large amount of elements,
for example, (see Fig. 1) for two measurement LEDs (1,
7) and one "calibrating” LED (5).

In a number of cases, for example, upon the
absence of the requirement of high accuracy of CA
measurements, and/or if it is necessary to calibrate
the reference zero right before the measurements,
"calibrating" LED can be removed (in Fig. 1 it is
equivalent to the absence of items 2 and 7). Such
optical scheme includes only two photodetectors,
one LED and spherical mirror [16]. The scheme was
implemented in portable CAs of carbon dioxide GIAM-
302, which work well in practice, designed on the
basis of the LED radiating on the wavelength of
4.2 pm and photodetector based on PbSe (photodetector
was produced by Scientific Production Association
"Analitpribor”, Smolensk).

The next important stage in the development of CAs
based on LED was triggered by the beginning of use
of immersion conjugation of LED chips with optical
elements, for example, with silicone lenses and optical
fibers, and with use of "optical adhesive" consisting of
chalcogenide glass with high refraction index (n=2.4)
[20-26]. Thanks to such conjugation and number of
other improvements of the construction of LED chip
(Fig. 2), it was possible to increase considerably (by 3-5
times) the coefficient of radiation coupling from
semiconductor and design a number of efficient LEDs
with the wavelength of 2 to 5.5 pm (Fig. 3) and narrow
directional diagram [12, 24, 26]. Subsequently, use of
immersion layers for the improvement of efficiency of
medium-wave optoelectronic devices was repeated in
many papers devoted to photodiodes [27] and optically
excited LEDs based on A*B° [28]. And creation of the
technology of batch production of immersion LEDs
based on A’B° made it possible to start using these
emitters in many branches of industry. In medical
capnographs MPR 6-03 "Triton" LEDs allowed
measuring the patient breathing parameters [29]
and in above-mentioned portable analyzers GIAM-
302 - concentration of carbon dioxide. Construction

PHOTONICs N2G/48/2014 87



m ONTO3/NIEKTPOHHDbIE MPUBOPDLI I—

i g

Ho TakoBbl QaKThl, a CIHOPUTb C HUMHU - Hebia-
rogapHoe 3aHATHe; IOopa3flo Ba’kHee HayUYUThLCSI
C MaKCHMMaJIbHOH 3)HeKTHUBHOCTBIO HCIIOIb30BATh
0co06eHHOCTH CpeHeBONHOBEIX CJI [7151 TOrO, UTOORI
IOBUTATHCS AajIbllle BIIepe] U YAUBISATH IOTpebuTe-
e HOBBIMH BO3MOXXHOCTSIMH OIITHKO-3JI€KTPOH-
HOI allIapaTypHl.

ABTOD BbIpaskaeT 6/1arofapHOCTb COTPYAHUKAM
TPyHIbl OHOAHBIX omTomap nabopatopuu HHPpa-
KpacHOU ONTO31eKTPoHUKH OTH umm.A.®.Hodde
PAH.
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of the LEDs which are small in size and coupled
with concave reflectors was used in the generation of
straight radiation beams. They are used in trace (with
the length of optical path up to 100 m) CAs which are
the part of safety control systems at oil refineries [30].
Constructions of miniature optical-acoustic GAs [31],
in which the entrance of convergent radiation beam
into optical acoustic cell is accomplished through the
window with low aperture, are made on the basis of
immersion coupled LED chips with optical elements.

INSTEAD OF CONCLUSION

From the moment of commencement of works
in relation to the design of GAs based on IR
light emitting diodes, constructions of light
emitting diodes have been considerably changed
and many innovations were introduced into the
configuration of GA suggested by D.N.Nasledov
and his colleagues. However, despite the
successful cooperation for many years of PTI and
its subsidiary organizations with GA producers,
it should not be assumed that all scientific and
technical problems connected with the design
and use of medium-wave LEDs have been already
solved and there are no grounds for unexpected
surprises. Good prospects are open for the use
of LEDs in optical acoustic GAs [26, 31, 32]; in
optical schemes of spectrometers based on arrays
and matrices produced according to the flip chip
technology in which the interaction of elements
is reduced [33]; upon the use of matched pairs
LED-photodiode including optical fiber pairs [23]
which allow implementing the minimum energy
consumption of gas sensor in comparison with
all existing components [34]. Maybe, many people
will think it is strange that for the efficient
operation of CA under the conditions of higher
temperatures reverse (non-conducting) voltage
must be supplied to the LED [35-37] and for the
obtainment of the efficiency coefficient exceeding
100% regular immersion LEDs based on narrow-
band gap heterostructures A3B°> can be used [38].
But these are the facts and dispute against them is
not worth it; it is more important to learn how to
use the peculiarities of medium-wave LEDs with
maximum efficiency in order to move forward and
surprise consumers with the new capabilities of
optoelectronic equipment.

Author expresses gratitude to the workers
of diode optocouplers group of the Laboratory
of Infrared Optoelectronics of Ioffe Physical-
Technical Institute of the Russian Academy of
Sciences.
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MATHETH3M I10 KPASIM
I'PA®EHOBBIX HAHOJ/IEHT

B nuTepatype yXe [aBHO 06CYXAAETCH BO3MOXHOCTb CYLIECTBO-
BaHWA HOBOTO TUMA MArHeTU3Ma S-p 3eKTPOHOB B HEMArHUTHBIX
VINIEPOAHLIX MaTepuanax. 3aMeyeHo, YTo B rpaduTe U rpadeHe npo-
CTeWMe CTPYKTypHbIe AedekThl (Hanpumep, BakaHcum) npuBoasT
K MOSBJEHWIO JIOKANbHbIX MarHUTHbIX MOMEHTOB M3-3a BO3HMKHO-
BEHUS HECTIAPEHHbIX 3IEKTPOHHDIX CMHOB BCEACTBUE pasbanaHca
[IBYX nogpeweTok. MOXeT /1 M3 3TUX XaOTUYECKM PACONOXEHHbIX
NOKa/bHbIX MOMEHTOB  CHOPMUPOBATLCA AANbHUA  MArHUTHbIiA
MOPAZOK, OCTAETCH HEsACHbIM. ANbTEpHATMBOA TakoMy “medekT-
HOMY MarHeTusmy” BNSIETCS MarHeTU3M Y3KuX rpadeHoBbIX HaHo-
JIEHT C 31Ur3aro06pasHoil CTPYKTYPOW KPaes, Ansi KOTOPbIX TEOpUS
MPE/iCKa3blBAET YNOPSAOYEHME MATHUTHLIX MOMEHTOB FPaHUYHBIX
aTtomoB. OfHaKo MPOBEPUTb 3TO MPEACKA3aHMe Ha IKCMepUMEHTE
[I0/IT0 BPEMS He Y/aBafnoCh 13-3a OTCYTCTBUS HAJEXHDIX METOL0B
W3rOTOB/IEHUS HAHOMEHT C 33[aHHLIM TUMOM WX Kpaes (3ur3aroo-
6pa3Hble Y4ACTKIA YEPEaYIOTCA C KPECRNbHBIMMA, TPUYEM B CYHAIHOM
nopsake).

CTM-CHUMOK 2padeH08bIX HAHOAGHM C KpasMU KpecenbHo20 (a) U 3U23a200-
6pazHozo (b) muna Ha nodaoxke Au(111)

B pabore [G.Z.Magda et al. - Nature, 2014, 514, 608] HaHONEHTbI
WMPUHOW d =312 HM C YETKO ONpeAeneHHbIMI KPeCenbHbIMU 1 3Ur-
3aro06pasHbIMi Kpasmu (CM.pUCYHOK) MOYYEeHbl METOAOM CKaHu-
pyloLeid TYHHENbHO nuTorpadumu (TYHHENMpYloLMe 3NEKTPOHI
pa3spbiBaioT cBs3u C-C nof, atoMapHo TOHKOW urnoit CTM). AHanu3
MONMYYEHHBIX Pe3y/bTaToB MOKasas, YTO BCE HAHONEHTbI C Kpecesb-
HbIMM  KpasiMi - SIBASIOTCS MONYMPOBOAHUKAMM, MpUYEM  LIMPUHA
3anpeLLeHHON 30HbI E; MOHOTOHHO yMeHbLIaeTCs ¢ pocToM d. B HaHo-
NIEHTX C 3Ur3aroo6pasHbiMy Kpasmu BenuduHa Eq npu yBenudeHum
d 0T 3 40 7 HM TakXe YMeHbLIAETCs, HAX0ASCh B AnanasoHe 0,15-
0,35 3B, a npn d=8 Hm Ckaykom 06paliaetcs B Hynb. Kpaeson mar-
HWUTHBIA NOPSAOK COXPAHSIETCs AaXe MpX KOMHATHOW Temneparype,
YTO JenaeT NPUHLMNUANLHO BO3MOXHLIM M3rOTOBAEHME W3 rpade-
HOBbIX HAHOMIEHT CIMHTPOHHBIX YCTPONCTB, QYHKLMOHUPYIOWMX MK
HOPMaJIbHbIX YCNOBUSX.
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