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ITen3eHckmii rocymapCcTBEHHBIM YHUBepcUTeT, I. IleH3a

OMPEAEAEHUE ®PAKTAAbBHOM PABMEPHOCTU HA OCHOBE AHAAU3A
M30B6PAXEHMIM ATOMHO-CMAOBOW MUKPOCKOINUA
METAAAOOKCHUAHBIX HAHOKOMITO3UTOB

Ilocmynuna é pedaxyuro 26.02.2018

Hccnedosanbl HAHOKOMNO3UUUYU HA OCHOBE OKCUOA YUHKA ¢ paziudnbimu dobaexamu (Fe, Cu) memodamu ckaunupyrowei 30H-
00601 Mukpockonuu. Buinoanena oyenxa gpakmansHoli pazmepHoCmu HAHOKOMNO3UMOB 8 epagu4eckoll npoepamme omoopadice-
HUS U AHAAU3A OAHHBIX CKAHUpYouwell 30HHOU mukpockonuu Gwyddion. Boisignena césa3b medcoy mexHoA02UYeCKUMU PedcUMaMU
noayyenus (cocmae, memnepamypa omaicued) U 3HA4eHUAMU GpaKmanvHol pasmepHocmu ucciedyemuix 00pasyos. Ycmanosenero,
4mo npu omcymcmeuu Ae2upyrouux 006a8ox Mophoaoeusa NoBEpXHOCMU 3a8UCUM OM YCAOBULL MEPMO0OpabOMKY He3HAUUMENbHO.
Bseoenue necupyrouux dobasok (Fe, Cu) npusodum k uzmeHeHuro peavegha nosepxHocmu u 0OpA308aHUI0 CUCMEMbL PAOUANbHO

pacxodﬂmuxc;l MUKPOKAHAN06.

Karouegwie caosa: oxcuo UUHKA, qbpaicma/lewz pasmepHocms, amomMHO-CUN08AA MUKDPOCKONUA, 2A306ble CEHCOPbL

BBenenune

B HacTtosiiiee BpeMsi HAHOKOMITO3UTHI HAa OCHOBE
OKCHUJIOB METAJIJIOB LIIMPOKO MCITONb3YIOTCS 7151 CO3/1a-
HUS CEHCOPOB Tra30B C MEPKOJSILIMOHHON CTPYKTYpPO
[1—4]. YcTpoiicTBa Ha X OCHOBE IMO3BOJISIOT JOCTUYD
9KCTpPEMaJIbHO BBICOKMX 3HAUEHUI ra304yBCTBUTEIb-
HocTu (6osee 100 000) [5—7]. OnHUM U3 aKTyalTbHbIX
Coco0OB MCCIEIOBaHUSI TaKWUX CTPYKTYp SIBJSIETCS
(pakranbHBIN aHATM3 Ha OCHOBE JAaHHBIX aTOMHO-CH-
JnoBoit Mukpockonuu (ACM). CylluecTBYIOT pasind-
HbI€ MOAXObI JJISI OLICHKU (DpaKTaaibHON pa3MepHOC-
TU HAHOCTPYKTYP — METOJI MojicueTa KyOoB, TPUAHTY-
JISIIAM, METOI CIIeKTpa MOIIHOCTUA. Bce 3T MeTombl
peanusyloTcs B rpaduyeckoil mporpamme oToopaxe-
HUS Y aHaju3a JaHHBIX CKaHUPYIOlllell 30HHON MUK-
pockonuu (C3M) Gwyddion.

Ilenvlo Hacrosilieil pabOThl SIBISIETCS U3YyUeHUE
ocobeHHOCTe! peibeda MOBEPXHOCTY HAHOKOMITO3M -
TOB Ha OCHOBE OKCHUJA IIMHKA U OIpeJeeHue B -
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HUSI cOCTaBa M TeMIlepaTypbl OTXUIa MCCIeayeMbIX
MaTepuajgoB Ha X PpaKTaIbHYIO Pa3MEPHOCTbD.

DKCHepUMEHTAJIbHbIE PE3YJIbTAThI
H UX 00CyXKIeHHe

B HacToseit pabote I uCCAeAOBaHUIA ObLIa
MPUTOTOBJIEHA Cepusi 0Opa3lloB Ha OCHOBE OKCHJA
LIMHKA ¢ T00aBKaMU MeI 1 XKeJle3a, TIPOIIEeIIINX TeP-
MOOOPaOOTKY B pa3IMYHbIX TEMIIEPATYPHBIX pPeKUMaXx
(150 °C, 600 °C). OcobeHHOCTH TEXHOJIOTUH TOJIyde-
HUsI 00pa3loB OTpaxkeHbl B pabote [8].

HccnenpoBanue Mop¢hoOJIOruM IMMOBEPXHOCTHA HAHO-
KOMITIO3UTOB Ha OCHOBE OKCHJA IIMHKA MPOBOAMJIU
METOJaMU CKaHUPYIOLIEH 30HA0BOM MUKPOCKOMIUMU C
MOMOIIIbIO aTOMHO-CUJIOBOro Mukpockona NTEGRA
(HT-MAT, Poccust) ¢ ucnoib30BaHUEM KPEMHUEBBIX
30HA0B Mapku NSG ¢ panuycom 3akpyrieHus 10 HM B
TTOJTYKOHTAaKTHOM pexkuMe. OtieHKa (ppaKTaTbHOM pa3-
MEpPHOCTH HAHOKOMITO3UTOB OCYIIECTBIISIIaCh B Tpa-
(uyeckoil mporpaMme oToOpakeHUs U aHaIU3a MaH-
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Puc. 1. ACM -u300paxeHue NnoBepxXHOCTH 00pa3ua cocrasa ZnO, je-
rupoBanHoro Fe, orox:kennoro mpu 7 = 600 °C, pa3mep obaactu
ckanupoBanusa 50 x 50 Mkm

Fig. 1. AFM image of the sample of ZnO composition alloyed by Fe,
annealed at T = 600 °C, the size of the scanned area — 50 X 50 um
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Puc. 2. ACM-u300pakenne nNoBepxHOCTH o0pasna coctasa ZnO,
neruposanHoro Fe, oroxkennoro npu 7= 600 °C, pa3mep odnactu
ckanupoBanus 10 X 10 Mkm

Fig. 2. AFM image of the sample of ZnO composition alloyed by Fe,
annealed at T = 600 °C, the size of the scanned area — 50 X 50 um

HBIX CKaHUpYlollel 30HHON Mukpockonuu Gwyddion
METOJAMMU MojicueTa KyOOB M TPUAHTYJISLIMA HA OCHO-
Be aHanu3a ACM-u300paxkeHuIA.

B xome umcciegoBaHUs CEpUUM METOAOM aTOMHO-
CHJIOBOII MMKPOCKOITMM OBbLIO YCTAHOBJIEHO, YTO JIJIST
BceX 00pas3loB XapaKTepHO HaJW4We TIIOTHOYITAKO-
BaHHOW pa3BeTBJIEHHOM CUCTEMBI 3epeH. s mpuMe-
pa Ha puc. 1, 2 mpencraBieHo ACM-u3o0OpaxeHue
MMOBEPXHOCTH obpasna coctaBa ZnQ, JermpoBaHHOTO
xene3oM, otoxekeHHoro npu 7' = 600 °C. U3obpaxe-
HUS COOTBETCTBYIOT Pa3jIMYHBIM pa3MepaM 00JIacTh
CKaHMPOBAHMUSI.

C Toukm 3peHus MOpPGOJOTUU TTOBEPXHOCTH BCE
ciou 6e3 nobaBok Cu u Fe gBisiorcss omMHOPOIHBIMU
BHE 3aBMCHMMOCTH OT YCJIOBUI TepMOOOPaOOTKHU, Ha
BCEX yyacTKax MOBEPXHOCTU HAOJI0JAETCs OIMHAKO-
Bl pesibed. Pazdpoc BBICOT Ha pa3IMUHbBIX Y4acTKax
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noBepxHoctu cocrtapisier 800...1200 am. Ha puc. 3
MpPUBEIECHO paclpeleseHUue BbICOThI pesibeda mo ce-
yeHuio oOpasua cocraBa ZnQO, OTOXKEHHOro IIpu
T =600 °C (pa3mepsl 00JJaCTH CKAHNPOBAHUS COCTaB-
Js 50 X 50 MKwm).

B psne cayyaeB (ob6pasusl ¢ godbaBkamu Cu u Fe,
MPOIIeIIINe TePMOOOPAOOTKY MPH HEBBICOKUX TEM-
nepatrypax — g0 150 °C) moBepxXHOCTb comepxKana
BKJIIOUEHMSI, TIPEACTABISIIONINE COOOM CEPALIEBUHY C
paguaibHO pacxonsinuMmucs kaHaiamu. Ha puc. 4
npuBegeHo ACM-u3o0paxeHue yJyacTKa MOBEPXHOC-
™™ obpasua coctaBa ZnO (Fe) mocie TepmooOpadboTKI
nopu 7= 150 °C.

IIpn 3TOM y4acTKM MOBEPXHOCTH, CBOOOTHEIC OT
BKJIIOUEHUI, XapaKTepU30BaIMCh TUITUYHBIM MIJI UC-
clieayeMbIx o0pasiuoB peiabedoM (puc. 5—8).

8
I~
ey

Puc. 3. Pacnpenesienne BbIcOTbI peibeha mo cedyeHnio oopas3mna co-
craBa ZnO, oroxzkenHoro npu 7= 600 °C

Fig. 3. Distribution of the relief heights by section of the sample of ZnO
composition, annealed at T = 600 °C
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Puc. 4. ACM-u3o0paxenue mnosepxHoctu oodpasua ZnO (Fe),
oroxxkenHoro mpu 7 = 150 °C, pa3mep 001acTH CKAHHPOBAHUSA
50 x 50 MM

Fig. 4. AFM image of the surface of the sample of ZnO (Fe) composition,
annealed at T = 150 °C, the size of the scanned area — 50 % 50 um




Puc. 5. ACM-u3o0paxkenne mnosepxHoctu oopasuna ZnO (Fe),
oroxckennoro mpu 7 = 150 °C, pasmep 00.acTM CKAHHPOBAHHS
100 x 100 mxm

Fig. 5. AFM image of the surface of ZnO (Fe) sample, annealed at
T = 150 °C, the size of the scanned area — 100 x 100 um

Puc. 7. ACM-u300paxkenne mnosepxHoctu odpasuna ZnO (Fe),
oroxkennoro mpu 7 = 150 °C, pa3mep 00;acTH CKAHHPOBAHUSA
10 x 10 mxm

Fig. 7. AFM image of the surface of ZnO (Fe) sample, annealed at
T = 150 °C, the size of the scanned area — 10 X 10 um

st Bcex mccliemoBaHHBIX 00pa3loB ObLIa IpPOBeE-
JIeHa OlleHKa 3HaYeHUI (PpakTaJbHOM pa3sMepHOCTHU C
HCIIOJIb30BaHUEM TIporpamMbl Gwyddion. J1nst Kaxno-
ro obpasiia OLIEHKY BBHITIOJIHSUIM Ha OCHOBE aHaIM3a
ckaHa HauOoJjblero pasmepa (50 X 50 mxm). Pesyib-
TaThl aHaJIN3a MMPUBEIEHBI B TAOJIHIIE.

Puc. 6. ACM-u300pakenne mnosepxHoctu ooOpasua ZnO (Fe),
otoxckennoro mpu 7 = 150 °C, pasmep o001acTM CKAaHMPOBAHHSA
20 X 20 Mkm

Fig. 6. AFM image of the surface of ZnO (Fe) sample, annealed at
T = 150 °C, the size of the scanned area — 20 % 20 um
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Puc. 8. ACM-u3odpaxenne mnosepxHoctn oopasna ZnO (Cu),
oroxkenHoro mpu 7 = 150 °C, pa3mep 001acTH CKAHHPOBAHHUS
20 X 20 MmkmM

Fig. 8. AFM image of the surface of ZnO (Cu) sample, annealed at
T = 150 °C, the size of the scanned area — 20 X 20 um

ITpuBeneHHble Ha puc. 8§ ACM-u3zo0paxeHus xa-
paKkTepU3yIOT MOBEPXHOCTh 00pa3ua coctaBa ZnO (Cu),
npolieanrero repmooodpadorky mpu 7= 150 °C. Jlan-
Has CTPYKTypa XapakTepu30oBajJachb HAUMEHbIIUM
3HauYeHUeM (paKTaIbHONW Pa3MEepHOCTH U3 BCEil BbI-
OOpKH.

3navennst (ppakTAILHOI PA3MEPHOCTH HAHOKOMIO3MIMIA HA OCHOBE OKCHIA HHUHKA
Values of the fractal dimension of the nanocomposites on the basis of zinc oxide

Howmep obpasua la

Samples’ numbers

CocraB obpasia ZnO
Samples’ composition

Temnepatypa otxkura, *C 600
Temperature of annealing, °C

DpakTanbHas pa3MepHOCTh (METO TPUAHTYJISILINNI) 2,54
Fractal dimension (the method of triangulation)

®pakTajibHasi pa3MEepPHOCTh (METOJ MoiacyeTa KyooB) 2,47
Fractal dimension (the method of calculation of cubes)

2a 3a 1b 2b 3b
ZnO (Fe) | ZnO (Cu) ZnO ZnO (Fe) | ZnO (Cu)
600 600 150 150 150
2,60 2,55 2,58 2,58 2,33
2,52 2,46 2,47 2,48 2,36
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3akioueHue

Taxkum ob6pa3om, aHaIU3 JAHHBIX aTOMHO-CHUJIOBOM
MMKPOCKOITMH TTOKa3aJjl, 4YTO Ha XapaKTep pacrpenese-
HUS 3epeH Ha TTOBEPXHOCTH HAHOKOMITO3UTOB OKCHUIA
LIMHKA BJIMSIET B TIEPBYIO OUYepenb HATUUUE JIETUPYIO-
wux go6aBok (Fe, Cu). BapbupoBaHue pexXnMOB
TepMoobpaboTku B nuama3zoHe 150...600 °C He3naum-
TEJbHO CKa3bIBaeTCsl Ha MOP(OJOrMM MOBEPXHOCTU
o6pasoB. HamMmeHbIIMM 3HaYeHHEM (QpPaKTATBHON
pPa3MEPHOCTH XapaKTEepPU3YIOTCS HaHOKOMIIO3UTHI CO-
craBa ZnO (Cu), otoxckeHHble ipu 7 = 150 °C. Hnsa
OCT&JIbHBIX TUIIOB 00pa3uoB (dpakTanibHas pasMep-
HOCThb B 3aBUCUMOCTH OT YCJIOBUI CHMHTE3a MCHSIETCS
HE3HAUYMTEJbHO M 3aBUCHUT IVIABHBIM O00Pa3oM OT BBI-
OpaHHOro MeTo/Aa pacuera.

Paboma ewvinoansnace 6 pamkax npoekmuou uacmu
eocydapcmeentoeo 3adanus Ne 16.897.2017/114 u epan-
ma Ilpe3udenma (npoekm MK-1852.2018.8).
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The nanocomposite layers based on zinc oxide with different additives (Fe, Cu) for gas sensors with percolation structure, al-
lowing to achieve extremely high values of gas sensitivity, are investigated. All the layers were obtained by sol-gel technology with
the use of dip-coating method and then were heat treated at different conditions. The nanocomposites are studied by atomic force
microscopy using scanning probe microscope NTEGRA. It is found that for all the nanocomposites, regardless of the heat treatment
conditions, the presence of a densely packed branched system of grains with a height spread in different areas of the surface up to
1200 nm is typical. Fractal dimension was used as a quantitative characteristic reflecting the surface roughness coefficient or the
non-uniformity of the nanocomposite structure. The estimation of the fractal dimension of the nanocomposites is made in the graphic
program for analysis of scanning microscopy data Gwyddion. A correlation between technological modes of production (composition,
annealing temperature) and the values of the fractal dimension of the samples is identified. It is established that in the absence of
dopants, the surface morphology depends on the conditions of heat treatment slightly. The introduction of alloying additions (Fe, Cu)
results in changing in the surface topography and the formation of radially diverging microchannels. The composition and conditions
of heat treatment of samples with the smallest fractal dimension are revealed.
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Introduction

The nanocomposites based on metal oxides are widely used
for development of the gas sensors with a percolation structure
[1—4]. The devices on their basis allow us to reach extremely
high values of the gas-sensitivity (more than 100 000) [5—7].
One of the efficient ways of research of the structures is the
fractal analysis on the basis of the data of the atomic-force mi-
croscopy (AFM). There are various approaches to estimation
of the fractal dimension of the nanostructures — the method
for calculation of cubes, triangulations, and the power spec-
trum method. All these methods are realized in the graphic
mapping program and analysis the data of Gwyddion scanning
probe microscopy (SPM).

The aim of the present work is studying of the specific fea-
tures of the surface relief of the nanocomposites based on zinc
oxide and estimation of the influence of the composition and
temperature of annealing of the investigated materials on their
fractal dimension.

Experimental results and their discussion

For the research presented in the work a series of samples
on the basis of zinc oxide with additives of copper and iron
were prepared, which were subjected to heat treatment in
various temperature modes (150 °C, 600 °C). The specific fea-
tures of the technology for obtaining of the samples are re-
flected in [8].

Research of the morphology of the surface of the nano-
composites on the basis of zinc oxide was done by the meth-
ods of the scanning probe microscopy by means of NTEGRA
(NT-MDT, Russia) atomic-force microscope with the use of
the silicon probes of NSG brand with the curvature radius of
10 nm in the semicontact mode. Estimation of the fractal di-
mension of the nanocomposites was carried out in the graphic
program of mapping and analysis of the data obtained by
Gwyddion scanning probe microscopy by the methods for cal-
culation of cubes and triangulations on the basis of the anal-
ysis of AFM images.

During the research by the method of the atomic-force
microscopy it was established, that all the samples were char-
acterized by the presence of a close-packed ramified system
of grains. For an example, fig. 1, 2 present AFM images of the
surface of a sample of ZnO composition alloyed by iron, and
annealed at 7 600 °C. The images correspond to various di-
mensions of the area of scanning.

From the point of view of the surface morphology, all the
layers without additives of Cu and Fe are homogeneous irre-
spective of the heat treatment conditions, and on all the sites
of the surface an identical relief is observed. The spread of the
heights on various sites of the surface is §00...1200 nm.

Fig. 3 presents distribution of the relief heights by section
of the sample of ZnO composition annealed at 7 600 °C
(the dimensions of the scanning area were 50 X 50 pm).

In a number of cases (samples with additives of Cu and Fe,
after a heat treatment at low temperatures — up to 150 °C)
the surface contained inclusions, which looked like a core
with radially radiating channels. Fig. 4 presents an AFM im-
age of the surface site of a sample of ZnO (Fe) composition
after a heat treatment at 7' 150 °C.

At that, the surface sites, free from inclusions, were char-
acterized by the relief typical for the investigated samples
(fig. 5—8).

For all the investigated samples an estimation was done of
the values of the fractal dimension with the use of Gwyddion
software. For each sample it was done on the basis of analysis
of the scan of the biggest size (50 X 50 pm). The results of the
analysis are presented in the table.

The AFM images presented in fig.8 characterize the sur-
face of a sample of ZnO (Cu) composition subjected to heat
treatment at 7 150 °C. The given structure was characterized
by the lowest value of the fractal dimension of all the samples.

Conclusion

Thus, an analysis of the data of the atomic-force micro-
scopy demonstrated that the character of distribution of grains
on the surfaces of the nanocomposites of zinc oxide was in-
fluenced, first of all, by the presence of the alloying additives
(Fe, Cu). Variation of the modes of heat treatment within the
range of 150...600 °C only insignificantly affected the mor-
phology of the samples’ surfaces. The nanocomposites of
ZnO (Cu) composition annealed at 7 150 °C were charac-
terized by the lowest value of the fractal dimensions. For the
other types of samples the fractal dimension, depending on
the conditions of synthesis, varies insignificantly and depend-
ed mainly on the chosen method of calculation.

The work was done within the framework of the design part
of the state order Ne 16.897.2017/4.6 and President’s Grant
(project MK-1882.2018.8).
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AHAAW3 NMPOBAEM PA3BUTUA TEXHOAOTUN CTPYKTYP
AASl CO3AAHUSA PAAMALUMOHHO-CTOMKMX KMOI CBUC

BBenenne

pOBaHHOI amnmaparypbl KOCMUYECKOTO M BOCHHOTO
Ha3HAYeHUsI, CTOMKON K AecTabMiM3upyromuM ¢ak-
TOpaM, BbI3BAaHHBIM BO3IEHCTBUEM paguallii, MOXHO
pasnenuTh Ha cleaylolye OoJiblre TPYIbl: KOHCT-
DPYKTUBHBIE, CXEMOTEXHUUYECKME U TEXHOJIOTMUYECKUE
METO/bI TTOBBIIIEHUSI CTOMKOCTH, ISl pa3paboTKu KO-
TOPBIX MPUMEHSIOT B YUCJIe MPOYEro MOJAEIMpPOBaHUE
BIMSIHUS OeCTaOUIU3UPYIOIIMX (paKTOpOB HaA ITame
MPOEeKTUPOBaHUS OJIOKOB, Y3JIOB U KOMITOHEHTOB [1].

HsIeMasl U1 U3TOTOBJICHUS LUGPOBbIX MHTEIPATbHBIX
CXeM UM CXeM TaMSITH, UMEET BaXXHOE MPEeUMYLIECTBO
0 OTHOIIECHUIO K OMIIONSIPHBIM M KOMOMHMPOBAaH-
HBIM TEXHOJIOTUSIM JJIs1 UCIOJb30BaHUS B Crelualb-
HOI ammapaType, 3aKJII0Yaolleecss B MaJOM DHEPIo-
MoTpeOJeHUU U, KaK CIeICTBUE, B OTCYTCTBUM HEOO-
XOIMMOCTH JOTIOJIHUTEIFHOTO OoXJIaxkaeHus. B pamkax
KOHCTPYKTHUBHO-TexHoyorndyeckoro Oaszmca KMOII
CYIIECTBYET PsiJl HallpaBJeHUN, OPUEHTUPOBAHHBIX HA
JMIOCTUKEHME Pa3JIUYHbIX 1ieJeil U, COOTBETCTBEHHO,
o0IaarolIMX pa3TUYHBIMU CBOMCTBaMU [2]:
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Paccmompensr ocHosHble ceolicmea kpemHuesbix cmpykmyp oas npouzeodcmea CBHUC, cmoiikux Kk 6o3deticmsuto decmabu-
AUBUPYIOWUX (PAKMOPOB, BbI36AHHBIX PAOUAUUOHHBIM 6030elicmeuem. Bvinoanen ananuz ceoticme mamepuanos, 6vis6aeHsl Cyulecm-

"kpemHuti Ha uzonsmope”.

syrowue ocpanuvenus npumenenus. Ilokazana nepcnexkmuenocms ucnoav3osanus cmpykmyp KHH, cozdasaemvix 6 pamrax mex-
HOA0UT NPIMO20 CPAWUBAHUS NAGCMUH KpeMHus. [Ipueedenbl npuembl ynpaeieHus cneyuguueckumu c8olUCmeamu CmpyKmypbl

Karoueeote caoea: KMOII, ChUC, kpemuuii Ha dusnexmpuke, KpeMHUll Ha cangupe, kpemuull Ha uzoasmope, Smart Cut-

mexHoaocus, cemmepupoeanue, UmMnianmauus

COBpCMeHHI)IG IoaXo4bl K CO3AaHNIO CrICIMAJIN3N -

KMOII-texHonorusi, Haubosee ILIMPOKO IpUMe-

KMOII Ha 06beMHOM WJIM 3MUTAKCHATBHOM KpeM-
HUM JIJI U3NeUN CUJIOBON 3JIEKTPOHUKU WIU CO-
3MaHUS KPEMHHUEBBIX M3TYJaIOIINX CTPYKTYP, COOT-
BETCTBEHHO;
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e KMOII Ha cTpykTypax "KpeMHUId Ha u3ojsaTope”
(KHW) gns co3maHusl BHICOKOIIPOM3BOAUTEIBHBIX
WHTETPAIbHBIX CXEM C BBICOKMM OBICTPONEUCTBU-
€M, CJOXHBIM (YHKIIMOHAIOM M TIOBBIIIICHHOM
CTOMKOCTBIO K CIelMaJbHbIM (haKTOpam;

e KMOII Ha crpykTypax "KpemHMii Ha candupe”
(KHC) mi1s1 BBICOKOYACTOTHBIX CXEM.
IIpuMeHeHUe pa3IMYHBIX MOAUGbUKALMIA CTapTO-

BBIX CTPYKTYpP IJI CO3MAaHUS TIPHUOOPOB MUKPO- U

HAHOBJIEKTPOHUKHU TpeOyeT COOTBETCTBYIOIIETO aHa-

JIN3a X BbIOOpA U TIPUEMOB YITpaBICHUSI XapaKTepuc-

TUKaMMU.

Texnosornyeckne nHanpasjaenns co3ganags CBUC
HA KPEMHHEBBIX CTPYKTypax

IMo maenmio cnennanmuctoB HITIT "Candwup”, Tex-
Honorust KMOIT KHC — 310 ocobeHHast TeXHOJIOTHS,
00J1amamlIasi CTOMKOCTBIO K CISIYIOIIUM paadallioH -
HbIM 3¢ ¢eKTaM: KOCMUYECKOIO IIPOUCXOXKICHUS, BO3-
HUKAIOLIUM BOJM3U SIIEPHO-IHEPreTUYeCKUX OOBbeK-
TOB; CONYTCTBYIOIIMUX SIAEPHOMY B3pHIBY [3].

KMOIT Ha ctpyktypax KHC obecneuunBalor co3na-
HUE WHTETpajbHbIX MUKPOCXEM C OBICTPOJAEHCTBUEM,
OJIM3KUM K OBICTPOAEHMCTBUIO ITOJOOHBIX MUKPOCXEM
Ha ocHoBe GaAs uiau GeSi; npu 3TOM MOIIHOCTb,
notpeodasgseMas Mukpocxemoit KMOIT-KHC, 3ametHo
MeHbIIIe, MHOTJga B pasnl [4]. B ciydae aHaoroBbIxX




mukpocxeM KHC 3To mOCTOMHCTBO BBICTYyHAeT Kak
MOBBILIEHHAs! BBICOKOYACTOTHOCTh, KPOME TOTO, OT-
CYTCTBHUE Tapa3sUTHBIX CBsI3ell OOYCIOBIMBAET HU3KUI
YPOBEHb TOMEX, HWCKIIOUYUTEIbHYIO JMHEHHOCTb B
KOMMYTaTopax, aTTeHI0aTopax, CMECUTENISIX U 1IMUPO-
KW TUHAMUYECKUN TUAIA30H.

MeToabl MOJyYeHUSsT TeTEPO3INUTAKCUATIBHBIX CJIO-
€B KpeMHMsI Ha candUpoBOil MOIOKKE, UX BIEKTPO-
(uznyeckre xapakTepuCTUKU TpUBEAEHbI B paboTax
[5—15]. B mocnenHee BpeMsl OCBauMBAIOTCSI METOIbI
coszmanus crpykryp KHC, ucrmonb3ylomye TeXHUKY
BOJOPOJIHOTO TIepeHoca, MPUMEHSEMYI0 B CO3AaHUU
ctpyktyp KHHU [16].

CylIeCcTBEHHbIM  OrpaHUYEHUEM  TNPUMEHEHUS
crpyktyp KHC ans npousBoactBa CBHUC sBnsitoTcs
UX BBICOKAsI CTOUMOCTb U CJIOKHOCTb 00paboTku. Ote-
YeCTBEHHAas TPOMBIIIEHHOCTDb BbIMYCKAaeT IIACTUHBI
co crpykrypamu KHC mo 150 MM, coBpeMeHHOE 000-
pyaoBaHuE I TMPOM3BOJCTBA MUKPOCXEM Ha KpeM-
HUEBBIX MOJJOXKAX pacCUMTAHO Ha IUIACTUHBI Jua-
meTpom 200...300 mM. Bo3MOXHBIM pa3pelieHrueM 3Toi
MpooJieMbl CTaHET Mepexol K HOBOMY (hopMaTy KOM-
MakTHbIX (aObpUK HEBBICOKOW IMPOU3BOAUTEHLHOCTU
JIJIs1 00pabOTKM IUIACTUH MaJjioro JuameTrpa 0e3 Kjac-
CUYECKHUX YMCThIX KOMHAT 1 C 6€3MacOYHOI JIMTOTpa-
¢ueli, YTo MO3BOJSIET HAa 2—3 MOpsaKa CHU3UTH UX
CTOUMOCTb, YMEHBIIIUTb TPeOyeMble MPOU3BOJACTBEH-
Hbl€ TUIOIAAM U LIUKJIbI, TOBBICUTH TEMIIbl pa3paboT-
KM, MaHEBPEHHOCTh U 3((HEKTUBHOCTh MaJIOCEPUIHO-
ro nmpousBoxacTsa [17].

Tpansucroper CBUC, n3rotoBiieHHbIE HA CTPYK-
typax KHH, umeroT psiag BaXKHBIX IPEUMYILECTB (yBe-
JIMYEHHOE OBICTPOJEHCTBUE BCEACTBME YMEHBIIECHUS
BpeMEHM 3a7epXKH, Oojiee HM3KOE ITMHAMUUYECKOE
SHEPromnoTpedaeHe, OTCYTCTBUE MTapa3UTHOTO TUPUC-
TOpHOTrOo 3(pdeKkTa u Ip.) Hall TPaAaH3UCTOPaMU OOBEM-
HBIX TEXHOJIOTUIA C aHAJIOTUYHOM IIPOEKTHON HOPMOM
[2, 18, 19].

B HacTosiee BpeMsl CyIIeCTBYeT psii CIIOCOOO0B
usrotosienuss KHU-nnactun [20—22], 13 KOTOPBIX
JTOMMHUPYIOT MMIUIAHTalMs B TJAYOWHY KpuUcTajia
MOHOB KHUCJIOpPOAa C MOCJEAYIOIIUM CUHTE30M CKpPBbI-
Toro ciios npu oTxure (SIMOX-texHonorus) [23, 24]
U MpsIMOe CpalllMBaHVe JOHOPHOU W OMOPHON IIac-
TUH KPEMHUSI C TOCJIEAYIOIIUM UX OTCEYEHUEM IO
CJIOI0 MMILJIAHTUPOBAHHOTO B NOHOPHYIO IJIACTUHY
Bogopoaa (Smart Cut-texHosorus, Dele Cut-TexHo-
qorust) [25, 26].

Bnussaue pagnanuu Ha ctpykrypsl KHW HaunbGonee
MOAPOOHO UCCIAENOBAHO ISl CTPYKTYpP, CO3AaBaeMbIX
nMiuiaHTanueit kuciaopona (SIMOX) [27]. I1pu o6ay-
yeHun SIMOX-cTpyKTyp HaONIOmAIOTCS CIIeAyIoIIre
0COOEHHOCTH:

e B CTPyKTypaX, MMeWIIUX O0ojiee COBEPILIEHHBIN

CKPBITBI MTUAJIEKTPUK, HAKAIJIMBACTCS MEHBIIMI

3apsn;

e B OKcuae (GOPMUPYIOTCS KaK IBIPOYHBIE, TaK U
3JIEKTPOHHBIE JTOBYIIKU, COOTBETCTBEHHO, HaKall-
JIMBAIOTCSI M MOJIOXUTENIbHBIN, U OTpULIATEIbLHBIN
3apsIbl, MPUBOAS K YACTUYHOM B3aUMHOI KOMIIEH-
caluu;

e IIJIOTHOCTh TMOBEPXHOCTHBIX COCTOSIHUII B CJTydyae
SIMOX-CTpyKTyp, CO30aHHBIX MHOTOKPAaTHOM MM-
IUIAaHTALIMEN KUCITOPOa, MMPAaKTUUECKN HE MEHSIETCI
npu obiayyeHuH, Torma Kak B SIMOX-cTpyKkTypax,
CO3IaHHBIX OJHOKPATHOW WMIUIAHTalMeil, UMeeT
MECTO TeHepalys JOMOJTHUTETbHBIX COCTOSTHUIA.

PesynbTaThl 3KCIEpUMEHTATbHBIX MCCIEI0BAHUM
MO BJIMSHUIO TTOJIHON 03Bl 00JIy4eHUsT HAa CTOMKOCTD
MuKpocxeM Ha cTpykTtypax KHHW, u3roroBieHHbIX 1O
texHosorussM SIMOX, Smart Cut, Dele Cut u KHC,
MOKAa3bIBAIOT MEPCIEKTUBHOCTD TeXHOJ0TUM Smart Cut,
KoTopasi, B ormyure oT TexHonornu SIMOX, obecrie-
YHBAET HE TOJIbKO TpeOyeMblii HU3KUI YPOBEHb aehek-
THOCTH 1uieHOK KpemHus ctpyktyp KHH, Ho u Gonee
LLIUPOKKE BO3MOXHOCTH B yIIpaBJIEeHUM TapamMeTpaMu
3aXOPOHEHHOTO CJIOSI AUOKCHUIA KpeMHUs. DTo Mpe-
MMYILIECTBO HOCUT MPUHIMIIUAIBHBINA XapakTep, Mmoc-
KOJIbKY CBOMCTBA 3aXOPOHEHHOT0 OKCHUIa BO BpeMsl 00-
JIy4eHUSI BO MHOTOM ompeaensitor ctoiikoctb KMOII
BUC x paguaniioHHOMY Bo3aeicTBUIO. [IpuunHBI HO-
BBILLIEHHON CTOMKOCTU K UMMYJIBCHOMY BO3ICHUCTBUIO
BUC na crpykrypax KHUW 1no cpaBHEHMIO CO CTPYK-
typamu KHC 00ycioBiaeHbl BO3MOXHOCTBIO MOJIKIIO-
yeHus moaioxkku crpykryp KHHM k HyiaeBomy mmoTeH-
muany [28, 29].

ITpakTueckn Bce COBPEMEHHbIE TEHIECHLMU I10
MPUMEHEHUI0 (YHKIIMOHAJILHO CJIOXHBIX W3ACIUi
MUKPOBJIEKTPOHUKH MPUBOISIT K YBEJIUUYEHUIO YyBCT-
BuTenbHOCTM MC K BO3nEMCTBUIO paaualvu. YMeHb-
1LIEHUE TOMOJOTMYECKUX Pa3MEPOB YBEJIMUMBACT BKJIAM
nepudepuiitHbIX 00JlacTeil U CHUXKAeT 3HAYeHUe 3a-
psnoB nepekiaodeHus. [Ipu 3ToM Takke TPOUCXOAUT
yMeHbllIeHrue 3(P(GeKTUBHON IJIMHBI COOMpaHUST 3a-
psaa, 4yTo JaeT HEKOTOpYylo KoMmeHcauuio 3ddekTa
YMEHDBIIEHUS] CTOWKOCTU. YBeJuueHue ObicTpojeiic-
TBUSI IPUBOIUT K TOMY, UTO TIPU TOM K€ 3HaUYE€HUHU TO-
Ka yMeHbIIaeTcs 3apsj nepekiarodeHus. Mcnonb3oBa-
HYe TTOHWXKEHHOTO HAMPSKeHUST WK MOIIHOCTU TOT-
pebjeHus 03HavyaeT, 4To TpedyeTcss MeHbLIMI 3apsii,
HEOOXOIUMBIi1 171 3alIOMMHAaHNSI MHGOpMaIuu, 1 00-
Jiee HU3KHME U3MEHEHUSI TOPOrOBbIX HAIPSIKEHU, TpU-
BOJSIIMX K TTapaMeTpUUYecKUM OTKazaM. MImeeT mecTo
U TIOJIOXKUTEbHAS TEHACHIUS B CBSI3U C IPUMEHEHU -
€M HOBBIX TEXHOJIOTUYECKMX OIepaliuii (3a cueT yMeHb-
LLIEHUS TOJILLMHBI CTPYKTYP, CHUXKEHUS YPOBHS AeheK-
THOCTU MCXOJHBIX MaTepUaiOB, MOBBIIIEHUS] YPOBHEM
JIETUPOBAHUS U T. 1.), BCJAEACTBUE YETO MPOUCXOAUT
HEKOTOpOe CHMXEHUE YYBCTBUTEJILHOCTU XapaKTe-
puctuk MC x paguaumonHsiM 3¢dexkram [30]. He-
KOTOpbIE acCIeKThbl KOHCTPYKTOPCKO-TEXHOJOrnuec-
KMX METOJOB MOBBILIEHUST PAIUAIIMOHHON CTOMKOCTU
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MuKpocxeM, BoinoaHsgeMbix o KMOIT KHU-TexHo-
JIOTUU, TIpUBeAeHbI B paboTax [2, 31—37].

ACneKTbI MOBBIEHHA KAYeCTBA XapaKTEPHUCTHK
crpyktyp KHUA

ITpubopHbie ciou ctpyktyp KHU, nonyuyaembie B
pamkax Smart Cut-TeXHOJIOTMU, OTIMYAIOTCS OT MpPU-
OGOpHBIX CJ10€B Apyrux cocraBHbIX cTpykTyp KHHW Ha-
JIMYMEM B HUX paJIMallMOHHBIX 1e(eKTOB, BEI3BAHHBIX
MMIUIaHTalyein noHoB Bogopoda [38]. Hapsanoy c me-
¢ekTamu, 00pa30BaHHBIMU UMITJIAHTUPOBAHHBIMM Yac-
TULIAMU, TedopMaLUIMU IPUOOPHOIO CJI0sI HA BHIEM-
Kax U BBIMYKJIOCTSIX peajbHO HEeTIOCKON MOBEPXHOCTHU
OIOPHON TUIACTHHBI, paAuallMOHHbIE NedEeKThl OIpe-
JIeJISIIOT OO11YI0 TUIOTHOCTD IMCIOKAUUI B TIPUOOPHOM
cJioe, KOTopasi MOXeT OBITh CHMDXKEHa IO ~102 cm 2
TIIATEIbHON OYMCTKOM IUIACTUH IEPe CpalluBAHUEM.
IIIepoxoBaTOCTh BHELIHE! MOBEPXHOCTHA MPUOOPHOIrO
CJI0$1 TIOCJIE €Tr0 OTIUEIIEHUSI OT MPUOOPHOU MIacTu-
HbI OCTUTaeT HECKOJIbKUX necsTKOB (20...40) HM, oHa
MOXeT ObITh foBeaeHa 10 R, = 0,15 HM nyTem Xumu-
KO-MEXaHUYECKOU TTOJIMPOBKU BHEIIHEU MTOBEPXHOC-
TU MPUOOPHOTO CJI0SI, JIETKUM TTOJUPYIOLIMM TpaBJie-
HUEM, OKUCJIEHHEM, TepMOOOPabOTKOI B BOJOPO/IE.

HeonHoponHOCTh TOMIIMHBI MPUOOPHOTO CJI0ST OI-
pedensieTcsl, B OCHOBHOM, HECTAOMJIBHOCTHIO M HEOI-
HOPOIHOCTBIO SHEPTUH UMILIAHTUPYEMBIX NTOHOB BOIO-
polia ¥ UBMEHEHUSIMU YIJIa X MafeHYsI Ha TTIOBEPXHOCTh
MpUOOPHOU TIJIACTUHBI TTPU BO3ACTBUM ITydkoM. COB-
pPEMEHHbIE WMIUIAHTEPhl TMO3BOJISIIOT M3rOTaBAMBATh
CTPYKTYPBI C HEOTHOPOIHOCTEBIO TOJIIWHBI TIPUOOPHO-
ro cjios Ha ypoBHe 2,5 %. [TapaMeTpbl M30IMPYIOIIE-
ro AU3JIeKTpUUeCcKoro cios: toiammuHa ~0,1; 0,5 MxM;
HEOAHOPOTHOCTh TOMIMHBI +10 %; snekTpudeckas
MPOYHOCTH > 5 MB/cM; IJIOTHOCTH pachpeneaeHus 3a-
psma B IOUDJIEKTpUKe (OmpemessieTcsl HeCKOJIbKUMM
"mepekTaMu" CTPYKTYPHI AUIJICKTPUKA — ITUOKCHIA
kpeMHust) [39, 40]; obuast MIOTHOCTh pacIpeaeaeHUs
JIe(eKTOB COCTaBJISIET OKOJIO 5 * 102 cM™2%; o1H enT-
DBl 3aXBaThIBAIOT MHXKEKTUPYEMbI€ B TUJIEKTPUK AbIP-
KA U 00pa3yloT OOBEMHBIN TTONOXUTEIbHBINA 3apsi.
Bomopon m3 guokcuma KpeMHUST YAAISIOT 00paboT-
KOU CTPYKTYpP B CYXOM KHCJIOpPOIE, B BaKyymMe WU
MPOIMYyCKaHUEM Yepe3 CTPYKTYPY JIEKTPUIECKOTO TO-
Ka, a IIeJIOYHbIE MeTa/Ibl — BbICOKOTEMIIepaTypHOI
(1000...1200 °C) TepmM0o0OpabOTKOI CTPYKTYpP B XJIOP-
cojepxalleir cpene (XJIope, XJIOPUCTOM BOIOPOIE,
CMecH TPUXJIOPATUJIEHA) W KHCJIOpOIe. 3arpsi3HSIO-
1K€ METa/Ulbl B CTPYKType 00pa3yioT JedeKkThl Ha
rpaHUIAX AMOKCUAA KPEMHUS C JUDJIEKTPUKOM, CO-
3maBasi B 9TMX MeCTax 3apsiioBble COCTOsIHMS. B yact-
HOCTH, TakKasl CUTyallusi HaOJroaaeTcsl, eCid COCTaB-
Hyto ctpyktypy KHW nonyuator, cpaiuvBas HEOKKC-
JIEHHYIO KpEMHHEBYIO TUIACTUHY C OKMCICHHOM. B aTOoM
cilydae 3apsiIoBble COCTOSIHUSI 00pa3yloTcsl Ha TpaHu-
11e KPEMHMUST ¢ TUOKCUIOM KPEeMHUS.
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B crpykrypax KHUW OGnaromapss Majioil TOJILIMHE
paboyero cjiosi KpeMHUSI U OTCEYEHUIO €ro ITUINEKT-
PUKOM OT paauallMOHHBIX 1e()EeKTOB, TeHEPUPYEMBIX B
MOJUTOXKE, Haubojiee BaXKHBIM C TOYKM 3pEHUS U3-
MeHeHus cBoiictTB KHU mnipu oGnyyeHuM sIBIASIOTCS
BBEICHNE 3apsia B CKPBITBI AUDJEKTPUK U COCTOSI-
HUsI Ha TpaHulle ¢ okcuaoMm [41, 42]. 3apsia B CKpbITOM
IU2JIEKTPUKE M COCTOSIHUSI HA TPaHMIE OTCEYSHHBIN
CJIOl KpeMHUsI/ AUBJIEKTPUK SIBJISIIOTCSI TTapaMeTpaMu
Marepuaina KHHW, HenocpeaCTBEHHO BIMSIOLIMMU Ha
paboty NMpuOOPOB, CO31ABAEMbIX B OTCEYEHHOM CJIO€
KpPEeMHMSI, TIOCKOJIBKY OHHM TIPUBOMASIT K CO3MaHMIO JI0-
MOJHUTEIBHOIO KaHajaa MPOBOIAMMOCTH BOJM3M Tpa-
HUILIBI pa3ziena ¢ MOoJYMPOBOIHUKOM U CMELIEHUIO T0-
POTOBOI0 HaMPSIKEHMST TPAH3UCTOPA.

BBumy TOro 4To TOMUIMHY MPUOOPHOTO CIOSI MOX-
HO JejaTh MNpakKTUYECKM CKOJIb YFOJHO Majoi (Ha-
rnmpumep, 50 HM), COOTBETCTBEHHO MOXHO YMEHBIIIATh
U pa3Mepbl NOJYNpoBoaAHUKOBBIX MC; yMeHblIeHUe
o0beMa 3JIEMEHTOB 3TUX YCTPOMCTB MPUBOIUT K CO-
OTBETCTBYIOIIEMY YBEJIMUYECHUIO PaAUallMOHHOMN CTOM-
koctu MC. Hanpumep, ymaercs Oojiee yeM Ha IIOpsi-
JIOK MOBBICUTb PAAUAIIMOHHYIO CTOMKOCTb K UMITYJIbC-
HoMy BosneiicTBrio M C Ha OCHOBE COCTaBHBIX CTPYKTYP
KHMH no cpaBuenuio ¢ MC Ha ocHOBe 0OBEMHOTIO
KpeMHUs [36].

751 CHIDKeHUS BIUSHUS TUCTOKAIINA U MUKPOIE-
(hbeKTOB Ha XapakKTEepUCTUKM MPUOOPHOTO CJI0ST KPeM-
HUSI pa3paboTaHbl MPUEMbl U3TOTOBJIEHUSI CTPYKTYP
KHW, ucnonp3yoiue TreTTepupylolyio o0pabdOTKy
MOBEPXHOCTHU IIACTUHBI-AOHOPA Mepea TEPMOKOMII-
PECCHOHHBIM COEAMHEHUEM C TIJIaCTUHOM-HOCUTEIeM
[43—45].

B HHuctutyre ¢dusuku mnoaynpoBogHukos CO
PAH pa3pabotaHn crnoco® H3roTOBJIECHUSI CTPYKTYp
KHMU no Texnonorun Dele Cut, B KOTOpOM I yTyd-
LIEHUsI CBOWCTB rpaHuubl pasgena Si/SiO, B CTpykK-
Typax, a TakXe CHUXXEHUs paiuallMOHHO-TepMUYEC-
KOTO BO3/I€MCTBUSI UMILIAHTALIMIO BOJOPO/A B TOHOP-
HYIO TJIJACTUHY KPEeMHHS MPOBOISAT B MHTEpBaje 03
2,5 10%6..5- 1010 cm™2 yepes CJIOM OKCHIA TONIIMHOMN
20...50 HM, KOTOpHIii TIocjie OOJydyeHUs yaassieTcs.
TepmooOpabOTKy IJisl cpalllMBaHMsI TIJIACTMH W pac-
CJIO€HUSI KOMITO3UITUHY BHITIOTHSIOT IIPU TEMIIEpaTypax
150...250 °C B treuenue 1...2 y 1 mpu 350...450 °C B Te-
yenue 0,5...2 4. Insg orxura Oojblieid yacTu Aedek-
TOB, BHOCUMBIX UMIUIAHTALMEH, IIPOBOAAT 3aT€M BbI-
COKOTEMIIepaTypHylo TepMooopadotky mipu 1100 °C B
teyenne 0,5...1 g [46].

B pa6orte [47] paccmaTpuBaeTcsl CIIOCOO U3TOTOB-
snenust ctpyktyp KHUW no texHonoruu Smart Cut mist
pPaavMoyYacTOTHBIX MPUMEHEHUI B MHTETrPAIbHBIX CXe-
Max ¢ paboueil 4yacTOTOM MOpsAKa HECKOJIbKUX TUTa-
repil, BKJIIOYAIOIIMI HaHECEHWE pas3neIMTeIbHOIO
CJIOSI U3 TIOJIMKPEMHMUST MEXIY OMOPHON TJIAaCTUHOM U
CKPBITBIM AUBJIEKTpUKOM. HaHeceHue cost U3 mom-
KPEMHMST OCYILECTBISETCS XUMUYECKUM OCaXKIeHUEM




U3 mapoBoii ¢a3bl Mpu aTMOCHEpPHOM AABICHUU U C
TemIiepatypoil ocaxaeHus: B uHtepnaie 8§00...1050 °C,
npeanoututesbHo 850 °C. IMoaukpucraniindyeckuii
KPEMHUI pa3aeuTeIbHOTO CJIOS TOKEeH UMETh MO~
HOCTBIO CITy4aiiHyI0 OPHMEHTAIINIO 3¢peH XOTSI OBl 110
HEKOTOPOI YaCTU TOJIIUHBI pa3AeJUTEIbHOTO COS.
ITocne cOopku TOHOPHOM M OMOPHOM TIACTUH Yepes
MPOMEXYTOUHOE 3BEHO U3 IUBJIEKTPUUYECKOIO CJIOS U
pa3aeUTEILHOTO CJIOST IIPOBOMST YIPOUHSIOIIUI OT-
JKUT MpU TeMneparype cTporo Boiiie yeM 950 °C 1 Hu-
xe yeM 1200 °C pnutenbHOCThIO He MeHee 10 MuH.
OrnopHas IJIacCTUHA UMEET ONpeleeHHOe 3HAaYeHue
VIEJIBbHOTO COIPOTUBICHMS, OOJblliee WJIM pPaBHOE
3000 Om * cm. dng bBuKMOIT KHU CBUC Heobxo-
UM CKPBITBIT HU3KOOMHBIN CI0M B 00JaCTH KOJUIEK-
Topa 6unossipHoro TpaHsucropa. [loatomy coenvHe-
HUE TOJYNPOBOAHUKOBBIX TUIACTUH OCYIIECTBIISIETCS
yepe3 MPOMEXYTOUHbIE CJIOW METalJia U TOJMKPUCTAII-
JIMYECKOTO KpeMHUsI, oOpa3ylolIux B Ipoliecce cpa-
IIMBAaHMUSI TIPYM TOBBILIEHHON TeMrepaTrype CUJIULIMI
MeTaja, M BKJIIOYaeT B TEXHOJOTUUECKUI Mpolecc
bopMupoBaHME TUIIEKTPUIECKOTO CIIOST, OCAXKICHIE
CJI0S TIOJIMKPUCTAJUIMUECKOTO KPEeMHUSI U MeTaJlJIU-
YECKOTro CJIOS Ha MEepBOM IJIaCTMHE KPEeMHMUS, COeaM-
HEHME ee CO BTOPOM IUIacCTUHON KpeMHUs [48].

BBuny Toro 4yto ogHOI M3 OCHOBHBIX MPUYMH Ie-
rpagauuu ctpykKryp KHM u npubopoB Ha MX OCHOBE
MIpY pagualliOHHOM BO3IEUCTBUM SIBJISIETCS HAKOII-
JIEHWEe TTOJIOKUTEILHOTO 3apsiia B 3aXOPOHEHHOM I~
3JIEKTPUKE, a TakxKe Ha rpaHuuax pasgena Si/SiO,,
sl obecrneyeHusl YCAOBUM yCTOMYMBOTO (DYHKIIUO-
HUPOBAaHUS 3JIEMEHTOB WHTETPAIBHBIX CXEM TIPU TIO-
30BBIX BO3ICHCTBUAX B 3aXOPOHEHHOM IMAJICKTPUKE
CO3MAI0T LIEHTPHI 3aXBaTa J1eKTPOHOB. OTHUM U3 CIO-
c000B (POPMUPOBAHUSI TAKUX LIEHTPOB SIBJISIETCS UMII-
JIAHTaIsI HOHOB TIpUMecei, TTpy BCTpauBaHUU KOTO-
pbix B Marpuly SiO, ux o0pa3oBaHue ABJIAETCS SHEP-
reTUYECKU BBITOAHBIM. MMIIaHTanMio MOHOB dTOpa
C KOHILIEHTpaluein 1019...1022 em 3 WUCIIONB3YIOT IS
MIpeIOTBPAIeHUs TTOSIBJICHUS TOKOB YTEUKH U TTOIAB-
nenus (drain-induced barrier lowering) DIBL-a3bdex-
Ta, OJHAKO MPU 3TOM MPOUCXOIUT MOBPEXIEHUE BEP-
XHEro aKTUBHOTIO CJIOSI KpeMHUSI, KOTOpOE He BOcCTa-
HaBJIUBAETC TIOCTIE TEPMUUECKUX OTXKUTOB [49].

B pa6otax [50, 51] moka3zaHO, UTO TIpU UMILJIaH-
TalMy MOHOB (pTOpa mo3amMu Oojee 10'* cm™2 atom
¢ropa oOpazyeT oaHY CBSI3b C aTOMOM KPEMHMSI, CJIe/I-
CTBUEM Yero sBJISIETCS BO3HUKHOBEHUE Ie(heKTOB
THUIIa HEMOCTUKOBOTO aTOMa KMCJIOPOA, SBIISIOIINXCS
LIEHTpaMH 3axBaTa OTpHIaTeILHOTO 3apsama. Kpome To-
ro, aTomMbl ¢pTopa MaccUBUpYIOT cBsizu Si—H u cTumy-
JIMPYIOT 00pa3oBaHKe MOHO- U IMBAKaHCUI KUCIOPOIa.
Pesynbrathl U3MepeHMit BOJIbT-(hapaaHbIX XapaKTepuc-
K MOII-cTpyKTYyp mokasanu, 4To (0TOpUPOBAHUE TU-
SJIEKTpUKa Ao30ou 1 X 105 cm™2 gnsercss onTuMaTh-
HBIM JIJIS1 CHUKEHYSI YYBCTBUTEbHOCTU K BO3IEHCTBUIO

CTAallMOHAPHOTO HOHU3UPYIOLIET0 M3JydyeHus. Xa-
PaKTEPUCTUKU CTPYKTYDP, UMILTAHTUPOBAHHBIX A030M
3 x 101 CM_Z, MeHee CTaOWJIbHBI TIPU MOHU3UPYIO-
IIUX BO3MEUCTBUSIX, a CTPYKTYPbl C AUDJIEKTPUKOM,
(bTopupoBaHHBIM 103011 MeHee 1 X 1013 CM_2, UMEIOT
0oJiee BHICOKYIO CKOPOCTb HaKoOIUIeHUs 3apsaa. OmHa-
KO aBTOpbI paboThI [52] cuuTaroT, 4To sl 0Opa3oBa-
HUS KOMITEHCUPYIOIIMX LIEHTPOB (HE CO3MAI0IINX TPU
9TOM CWJIbHBIX MOBPEXIEHUI MPUOOPHOr0 KPEeMHUS,
Yyepe3 KOTOPBIN MPOBOAUTCS UMIUIAHTALIMS) TOCTATOY -
HBIMM SIBJISIIOTCS 103BI (hTOpa 1012...1014 I/IOH/CM2.

B pa6orax [49, 52, 53] noka3aHa 3(pPeKTUBHOCTH
MMILIAaHTallMM MIOHOB METAJJIOB (kKeJjie3a, Xxpoma, ajo-
MWHMST) B 3aXOPOHEHHBIN TUAJICKTPUK T TOIAepsKa-
HUSI BJIEKTPOHEUTPATbHOCTU TIPU CTAIlMOHAPHBIX 1O-
30BBIX BO3IEeUCTBUAX. OQHAKO MPHUCYTCTBIE METAIIIN-
YeCKUX MpUMecell B IUJIEKTPUKAX MOXKET MPUBECTU
K YXYIOLICHUIO WX M30JUPYIOIINX CBOMCTB, OCOOCHHO
OpU BO3OECUCTBUSIX BBICOKOWM SHEPIrMU U MOIIHOCTH.
DdPEeKTUBHO 3axBaThIBAIOT OTPULIATEILHBINA 3apsiy
HaHOKJIACTePHI, 00pa3ymolIecs Mpy MMIUIAHTAIlUU B
JHMOKCUJ KPEMHUsI aTOMOB T€pMaHUsl UM KPeMHUS U
nocaenayoolleM oTxure pu temiepartype 850 °C B Te-
yeHue 40 MmuH [54].

IToBblilieHue ctoiikoctu cTpyKTypel KHU moxeT
ObITb OOecrneyeHo ee 00pabOTKOM y-KBaHTaMU B WH-
TepBaje 103 103...10° pam B Auaria3oHe TeMIlepaTyp
350...450 °C [55].

3akimoueHue

ITpoBeaeH aHanIu3 MIPpUMEHEHUS PA3IMYHbBIX MOIU-
¢uKaluii CTapTOBBIX CTPYKTYp st co3nanuss KMOII-
MPUOOPOB MUKPO- U HAHOBJIEKTPOHUKU. YCTaHOBJIE-
HO, 4yTO HauboJjiee MepCreKTUBHBIM HampaBieHUEM
pa3Butus ctpykryp KHMU saBnsieTcs TexHonorus Smart
Cut, Kotopas obOecrieuMBaeT He TOJIbKO TpeOyemblii
HU3KUH YPOBEHb Ne(EeKTHOCTHU TJIEHOK KPEMHUSI, HO
u 0oJiee MIMPOKKEe BO3MOXHOCTU B yIpaBJIEHUU Ma-
paMeTpaMM 3aXOPOHEHHOTO CJIOS AUOKCHUIA KPEMHUS.
Biok TexHonornuyeckux orepamuii, MCIONb3YIOLIUI
METOJ TBepA0(da3HOro cpallluBaHUs ILUIACTUH, SIBJISET-
Csl YHUBEpPCAJIbHBbIM JISI M3TOTOBJIEHUSI MHOTOCIOMN-
HBIX KOMIIO3ULIMI, COIEPKAIIUX HE TOJbKO KPEMHUMA,
HO U JIpYTYE MOJyNPOBOAHUKOBBIE MAaT€PUAJIbI.

AKTyalabHBIM U TPeOYIOIIMM AeTaJbHBIX MCCIEN0-
BaHUI SIBJISIETCS CO3MIAHUE METOJOB OILIEHKU YPOBHS
YCTOWYMBOCTHU CTPYKTYpP MPU JEUCTBUU NeCTaOUIN3M-
pyomux (HakTopos.
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The main properties of silicon structures for VLSI production, resistant to destabilizing factors caused by radiation exposure, are
described in the article. The analysis of material properties and current limitations of application is carried out. The perspective of
using of SOI structures, created in the framework of silicon wafers direct bonding technology, is shown. The methods of control by
specific properties of "silicon on insulator" structure are given: application of donor wafer getter surface before bonding for decrease
dislocation density and microdefects, creation of additional separation layers for decrease mechanical stress, and creation of negative
charge trapping center in buried dielectric for decrement of SOI radiation response.
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Introduction

The approaches to development of the special equipment
for space and military purposes resistant to the destabilizing
factors caused by radiation can be divided into the following
big groups: the design, circuit and technological methods for
improvement of the resistance, for development of which
modeling of the influence of the destabilizing factors at the

stage of designing of units and components, among other
things, are applied [1].

The CMOS technology, most widely applied for manu-
facturing of the digital integrated circuits and memory cir-
cuits, has an advantage in comparison with the bipolar and
combined technologies used in special equipment, consisting
in a small energy consumption and, as a consequence, in ab-
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sence of the necessity for additional cooling. Within the

framework of the structurally — technological basis of CMOS

there is a number of directions focused on achievement of
various purposes and, accordingly, possessing various prop-

erties [2]:

e CMOS on the volume or epitaxial silicon for products of
the power electronics or development of the silicon radi-
ating structures, accordingly;

e CMOS on "silicon on insulator" (SOI) structures for high-
efficiency and high speed integrated circuits with a com-
plex functional and higher resistance to special factors;

e CMOS on "the silicon on sapphire" (SOS) structures for
high-frequency circuits.

Application of various modifications of the starting struc-
tures for development of the devices of micro- and nanoelec-
tronics demands an analysis of their selection and methods for
their characteristics’ control.

Technological directions for development of VLSI
on silicon structures

According to the Sapphire specialists, CMOS SOS is a
special technology resistant to the radiation effects of the space
origin, to the radiation effects appearing near the nuclear power
objects and accompanying a nuclear explosion [3].

CMOS on SOS structures ensure development of the in-
tegrated microcircuits with a speed close to the speed of the
similar microcircuits on the basis of GaAs or GeSi; at that, the
power consumed by a CMOS-SOS microcircuit, is consider-
ably, and even, many times, less [4]. In case of the analogue
microcircuits of SOI this advantage means a raised high fre-
quency, besides, absence of the parasitic bonds determines a
low level of noises, an exclusive linearity in the switchboards,
attenuators, mixing circuits, and a wide dynamic range.

The methods for obtaining of the heteroepitaxial silicon
layers on a sapphire substrate, and their electrophysical char-
acteristics are presented in [5—15]. The methods for devel-
opment of SOS structures, employing the hydrogen transfer
technics, applied in development of SOI structures [16], are
being mastered.

An essential restriction for application of the SOS struc-
tures for manufacture of VLSI is their high cost and com-
plexity of processing. The domestic industry produces wafers
with SOS structures up to 150 mm, the modern equipment for
manufacture of the microcircuits on the silicon substrates is
intended for the plates with diameter of 200...300 mm. A pos-
sible solution to this problem is transition to a new format of
compact factories of low productivity for processing of wafers
of small diameter without classical clean rooms and no-mask
lithography, which allows to lower their costs by 2 or 3 orders,
reduce the required floor spaces and cycles, increase the de-
velopment rates, manoeuvrability and efficiency of the small-
batch manufactures [17].

The VLSI transistors made on SOI structures have a
number of advantages (higher speed owing to reduction of the
time delay, lower dynamic energy consumption, absence of the
parasitic tiristor effect, etc.) compared with the transistors of the
volume technologies of a similar design standard [2, 18, 19].

There is a number of ways for manufacturing of SOI plates
[20—22], out of which the dominant ones are implantation of
the ions of oxygen into the depth of a crystal with the subse-
quent synthesis of the buried layer during annealing (SIMOX
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technology) [23, 24] and a direct bonding of the donor and

basic wafers of silicon with their subsequent cutting off by the

layer of the hydrogen implanted in the donor wafers (Smart

Cut technology, Dele Cut technology) [25, 26].

Influence of radiation on the SOI structures was inves-
tigated most thoroughly for the structures created by im-
plantation of oxygen (SIMOX) [27]. During irradiation of
the SIMOX structures the following features were observed:
e In the structures with a better buried dielectric, a smaller

charge was accumulated;

e In the oxide the hole and electronic traps were formed,
and, accordingly, the positive and negative charges were
accumulated, leading to a partial mutual compensation;

e In case of SIMOX structures, created by a repeated im-
plantation of oxygen, the density of the surface states
practically did not vary during irradiation, whereas in the
SIMOX structures, created by a one-time implantation, a
generation of additional states was observed.

The results of the experimental research of the influence
of a full dose of irradiation on the resistance of the microcir-
cuits on silicon-on-insulator technology structures made by
SIMOX, Smart Cut, Dele Cut and SOS technologies, dem-
onstrate good prospects for the Smart Cut technology, which,
unlike SIMOX, ensures not only the demanded low level of
defects of the silicon films of SOI structures, but also provides
more ample opportunities for control of the parameters of the
buried layer of the silicon dioxide. This advantage is of a prin-
ciple character, because during an irradiation the properties of
the buried oxide to a great degree determine the resistance of
CMOS LSI to the influence of radiation. The reasons for a
higher resistance to the pulse influence of LSI on the SOI
structures in comparison with the SOS structures are deter-
mined by a possibility to connect the substrates of the SOI
structures to the zero potential [28, 29].

Practically all the trends concerning application of the
functionally complex products of microelectronics lead to an
increase of the sensitivity of IC to the radiation influence. Re-
duction of the topological sizes increases the contribution of
the peripheral areas and reduces the values of the switching
charges. At that, there is also a reduction of the effective
length of the charge collection, which to a certain degree
compensates for the effect of reduction of hardness. A speed
increase leads to the fact that at the same value of a current
the switching charge decreases. Use of a lowered voltage or
consumption power means, that a smaller charge is necessary
for memorizing of information, as well as lower changes of the
threshold voltages leading to the parametrical failures. There
is also a positive trend in connection with application of new
technological operations (due to reduction of the thickness of
the structures, lower level of defects in the initial materials,
increase of the doping levels, etc.), owing to which there is a
certain decrease of sensitivity of IC characteristics to the ra-
diation effects [30]. Certain aspects of the design-technolog-
ical methods for improvement of the radiation resistance of
the microcircuits implemented by CMOS SOI technology are
presented in the works [2, 31—37].

Aspects of improvement of the quality
of the SOI structures’ characteristics

The instrument layers of the SOI structures received with-
in the framework of Smart Cut-technology differ from the in-




strument layers of the other compound structures of SOI by
the presence in them of the radiation defects caused by im-
plantation of the ions of hydrogen [38]. Alongside with the
defects caused by the implanted particles, deformations of the
instrument layer on the hollows and saliences of a really non-
planar surface of the basic plate, the radiation defects deter-
mine the total density of the dislocations in the instrument
layer, which can be lowered down to ~ 102 ¢cm ™2 due to a care-
ful cleaning of the plates before merging. The roughness of the
external surface of the instrument layer after its removal from
the instrument plate reaches several tens (20...40) nm, and it
can be lowered down to R, = 0.15 nm by a chemical-me-
chanical polishing of the external surface of the instrument
layer, by light polishing etching, oxidation, and heat treat-
ment in hydrogen.

The variations of the thickness of the instrument layer is
mainly determined by the instability and nonuniformity of the
energy of the implanted ions of hydrogen and changes of their
angle of incidence on the surface of the instrument plate un-
der the influence of a beam. The modern implanters allow us
to make structures with the variations of the thickness of the
instrument layer at the level of 2.5 %. Parameters of the in-
sulating dielectric layer: thickness ~0.1, 0.5 um; variations of
the thickness £10 %; electric strength > of 5 MV/cm; den-
sity of the charge distribution in the dielectric (determined
by several "defects" of the dielectric structure — silicon di-
oxide) [39, 40]; total density of the defects distribution is
about 5 - 1012 cm72; these centers grasp the holes injected in-
to the dielectric and form a volume positive charge. The hy-
drogen is removed from the silicon dioxide by processing of
the structures in dry oxygen, in vacuum or passing through an
electric current structure, and the alkaline metals — by high-
temperature (1000... 1200 °C) heat treatment of the structures
in chlorine, hydrogen chloride, a mix of trichloroethylene and
oxygen. The polluting metals in the structure form defects on
the boundaries of the silicon dioxide with dielectric, creating
charging states in these places. In particular, such a situation
is observed, if the compound structure of SOI is received by
splicing of the unoxidized silicon plate with the oxidized one.
In this case the charging states are formed on the boundary
of the silicon with the silicon dioxide.

In the SOI structures due to a small thickness of the work-
ing layer of the silicon and its cutting off by the dielectric from
the radiation defects generated in the substrate, from the point
of view of variation of the SOI properties during an irradia-
tion, the most important are the charge introduction into the
hidden dielectric and the states on the boundary with the ox-
ide [41, 42]. The charge in the hidden dielectric and the states
on the boundary of the cut-off layer of silicon/dielectric are
the SOI parameters directly influencing the work of the de-
vices, created in the cut-off layer of the silicon, because they
lead to development of an additional channel of conductivity
near the boundary with the semiconductor and to displace-
ment of the threshold voltage of the transistor.

Since it is possible to make the thickness of the instrument
layer as small as necessary (for example, 50 nm), accordingly,
it is possible to reduce also the sizes of the semi-conductor IC;
a reduction of the volume of the elements of these devices
leads to a corresponding increase of the radiation resistance
of IC. For example, it is possible to raise more than 10 times
the radiation resistance to the pulse influence of IC on the ba-

sis of the compound structures of SOI in comparison with IC
on the basis of the volume silicon [36].

For a decrease of the influence of the dislocations and the
microdefects on the characteristics of the instrument layer of
the silicon, the methods for manufacturing of the SOI struc-
tures were developed employing the gettering processing of
the surface of the donor plate before a thermal-compression
bonding with the carrier plate [43—45].

The Institute of Physics of Semiconductors of SB of RAS
developed a method for manufacturing of the SOI structures
by Dele Cut technology, in which for improvement of the
properties of Si/SiO, boundary in the structures and also for
a decrease of the radiation-thermal influence, the hydrogen
was implanted into the donor plate with the dose interval of
2.5-10%..5-10'% cm™2 through an oxide layer with thick-
ness of 20...50 nm, which was removed after the irradiation.
The thermal processing for merging of the plates and dela-
mination of the composition was done at the temperatures
of 150...250 °C during 1...2 h and at 350...450 °C during
0.5...2 h. For annealing of a major part of the defects intro-
duced by implantation, then a high-temperature heat treat-
ment was done at 1100 °C during 0.5...1 h [46].

In [47] a method is presented for manufacturing of the
SOI structures by Smart Cut technology for the radio-fre-
quency applications in the integrated circuits with the work-
ing frequency of about several gigahertz, including a deposi-
tion of a polysilicon dividing layer between the basic plate and
the hidden dielectric. The deposition of a polysilicon layer is
carried out by a chemical sedimentation from the vapor phase
at the atmospheric pressure and the temperature of sedimen-
tation within the range of 800...1050 °C, preferably, 850 °C.
The polycrystalline silicon of the dividing layer should have a
completely random orientation of its grains at least in a cer-
tain part of the thickness of the dividing layer. After the as-
semblage of the donor and basic wafers a strengthening an-
nealing is done through the intermediate link from the die-
lectric layer and the dividing layer at the temperature strictly
over 950 °C but below 1200 °C, lasting not less than 10 min.
The basic plate has a certain value of the specific resistance,
more than or equal to 3000 Q- cm. For BICMOS SOI VLSI
a hidden low-ohm layer is necessary in the area of the col-
lector of the bipolar transistor. Therefore, the junction of the
semi-conductor plates is carried out through the intermediate
layers of the metal and the polycrystalline silicon, forming in
the course of merging at a raised temperature a metal silicide,
and this includes in the technological process formation of a
dielectric layer, deposition of the layer of the polycrystalline
silicon and a metal layer on the first silicon wafer, and its
junction with the second silicon wafer [48].

Since one of the principal causes of the degradation of the
SOI structures and devices on their basis under the radiation
influence is accumulation of the positive charge in the buried
dielectric, and also on the boundaries of Si/SiO,, in order to
ensure conditions for a steady functioning of the elements of
the integrated circuits at the dose influences in the buried di-
electric, the centers for trapping of electrons are created. One
of the ways to form such centers is implantation of the ions
of the impurities, when during their embedding in the SiO,
matrix their formation is energetically favorable. Implantation
of the fluorine ions with concentration of 10'°...10%2 cm ™3 is
used for prevention of the leakage currents and DIBL (drain-
induced barrier lowering) effect. However, at that, the upper
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active layer of the silicon is damaged and not restored after the
thermal annealings [49].

In [50, 51] it is demonstrated, that during implantation of
the fluorine ions by the doses over 10" ¢m ™2 the atom of flu-
orine forms one bond with the atom of the silicon, a conse-
quence of which is occurrence of the defects of a non-bridge
type of the oxygen atom, the centers for trapping of the neg-
ative charge. Besides, the fluorine atoms passivate the Si—H
bonds and encourage formation of the mono- and divacancies
of oxygen. The results of measurements of the capacity-volt-
age characteristic of the MOS structures demonstrated that
fluorination of the dielectric by a dose of 1 X 10 cm ™2 s op-
timal for a decrease of the sensitivity to the influence of the
stationary ionizing radiation. The characteristics of the struc-
tures implanted by the dose of 3 - 1015 cm™2, are less stable
under the ionizing influences, while the structures with a di-
electric, fluorinated by a dose less than 1 * 101 cm ™2, have a
higher speed of a charge accumulation. However, the authors
[52] believe that for formation of the compensating centers
(which, at that, do not damage the instrument silicon,
through which the implantation is done) the fluorine doses of
102,10 ion/cm2 are sufficient.

In [49, 52, 53] the efficiency is demonstrated of implan-
tation of the ions of metals (iron, chrome, aluminum) into the
buried dielectric in order to support the electroneutrality at
the stationary dose influences. However, presence of the met-
al impurities in the dielectrics can lead to a deterioration of
their insulating properties, especially under the influences of
high energy and power. The nanoclusters formed during the
implantation of the atoms of germanium or silicon into the
silicon dioxide and the subsequent annealing at 850 °C during
40 min [54] trap the negative charge effectively.

An increase of the hardness of the SOI structure can be
ensured by its processing by y — quanta within the range of
the doses of 103...10° rad in the range of temperatures of
350...450 °C [55].

Conclusion

An analysis was done of application of various modifica-
tions of the starting structures for development of CMOS de-
vices for the micro- and nanoelectronics. It was established,
that the most promising direction for development of the SOI
structures was Smart Cut technology, which ensured the re-
quired low level of the defects of the silicon films and more
ample opportunities for control of the parameters of the bur-
ied layer of the silicon dioxide. The set of the technological
operations, employing the method of the solid-phase merging
of plates, is universal for manufacturing of the multilayered
compositions containing not only silicon, but also other semi-
conductor materials.

An important question demanding a detailed research is
development of the methods for estimation of the level of the
stability of the structures under action of the destabilizing
factors.
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MPUMEHEHUE NPABUAA CMECEN AASl ONTMCAHUSA MOAYASA YIIPYTOCTH

NMOAUMEPHbLIX HAHOKOMIMO3UTOB

ITlocmynuna ¢ pedakyuro 20.02.2018

IIpasuno cmeceti nozeonsem 0amos 00CMAMOYHO MOUHYIO KOAUHECMBEEHHYI) OUCHKY MOOYAS YIPY20CMU MPexX OCHOBHbIX KAACCO8
NOAUMEPHBIX HAHOKOMNO3UMOS NPU UCNOAb308AHUU PEANbHbIX, d He HOMUHAAbHbIX XAPAKMEPUCMUK Smux HaHomamepuanos. Ilo-
KA3aHO, 4MO DeanbHulil MOOYAb YNPYeOCmu HAHOHANOAHUMENS 6 MAMpUle HAHOKOMNO3UMA ONpedesiemcs ee JceCmKOCmbio.
CmpyKkmypa HGHOHANOAHUMENS 8 SIMOM CAYHAe CAYICUM PeUlaiouum QaKmopom nOSbluieHUs MOOYAS YAPY20CMU HAHOKOMAO3UMA.

Karouesvie caosa: Hanokomnozum, mMooyab ynpyeocmu, npaguio cmeceli, HAHOHANOAHUMENb, CIPYKIMYPA

BBenenune

IIpaBuyio cmeceil ObLIO IEPBHIM TEOPETUYECKUM
MOJAX0A0M, TIPUMEHEHHBIM JIJISI OTTUCAHUS MOAYJS yII-
pyroctu mojuMepHbIX KomIiio3uToB [1]. ITockombky
9TO MPABUJIO AAJEKO HE BCErJa KOPPEKTHO OMUCHIBAET
MOIYJIb YIIPYTOCTH KOMITO3UTOB TIPU M3MEHEHUM CO-
JepXKaHWsl HAMOJHUTENSI, TO OHO MOJBEPrajoch MHO-
TOYUCJIEHHBIM MOIU(MUKALIMSIM U MOCTYKMUJIO OCHOBOM
JUUIS OOJIBIIOTO YMCJIa MUKPOMEXaHUYECKUX MOJesei.
Tem He MeHee U 3TU MOJAEIM UMEIT OrpaHUYEHHOE
MIpUMEHEHME, a B CiIyyae MOJIMMEpPHBIX HAHOKOMITO3M -
TOB PacyeThl COTJIACHO yKa3aHHBIM MOJEJISIM 4acTo Ja-
IOT IIPOTUBOPEYMUBEIE pe3yabTaThl [2, 3]. D10 00CTOS-
TEJbCTBO UMEET JTOCTATOYHO OYEeBUAHbIE DU3NYECKUE
ocHoBaHus. U npaBuiio cmeceil, 1 MUKpOMeXaHuYec-
KH€ MOJEJIM ONEePUPYIOT UCXOMAHBIMU XapaKTepUCTU-
KaMyd KOMIOHEHTOB MOJMMEPHBIX KOMIIO3UTOB —
MOJYJISIMU YIIPYTOCTM HAHOHAIOJHMTEISI W MaTpuy-
HOTO ToJiuMepa, CTeNeHbI0 aHU30TPOTIMY YaCTHUI Ha-
noiaHuTensd U T. 1. [1]. OgHako yKa3aHHbIE TTapaMeT-
PBI SIBJISIIOTCSI BUPTYaJbHBIMM XapaKTEPUCTUKAMU, HE
WMEIOIIMMHU HUYETO OOIIEero ¢ aHaJOTUYHBIMM TTOKa-
3aTesIIMU pealbHbIX KOMIIO3UTOB U TeM 0oJiee HaHO-
KOMITO3UTOB. B peajibHbIX HAHOKOMITO3UTaX CYILECT-
BYIOT JiBa CUJIbHOJAEHUCTBYIOLIMX 3(pdekTa, mpuBoas-
IIMX K PACXOXIEHWI0 HOMMWHAJIbHBIX M peaibHbIX
XapaKTEepUCTHK, a UMEHHO arperainys MCXOAHbIX yac-
TUL HAHOHATIOJIHUTEJISI B TIOJJUMEPHOI MaTpulie U 00-
pa3zoBaHue Mexda3HbIX objacTeil. Tak, aBTOpHI pa-
00Thl [4] mMpeanoXuau METOAMKY pacueTa MOAYyJei
YIIPYTOCTY HAHOHAMOMHUTENA E, .. ¥ MEX(ba3HBIX 00-
nacreii E, 4 B MOTMMEPHON MaTpHLle HAHOKOMITO3U-
TOB MOJIMBUHWJIOBBIN CIIUPT/YIJIepOAHbIE HAHOTPYOKU
u obHapyxwiu, yro Eg,. = 71 £ 55 I'lla npu Homu-
HaJILHOM MOJIyJIe OTAEJbHOM YIJIepOIHO HAHOTPYOKU
Eyyr ~ 1000 I'Ma u E,4, = 46 +5,5 T'Tla npu Homu-
HaJIbHOM MOJYJie YIIPYroCTH MaTPUYHOTO MOJMBUHU-
josoro cimpra E,, = 1,92 £ 0,33 I'Tla. IloaToMy cie-
JyeT OXWIaTb, YTO MCIIOJb30BaHUE peajbHbIX IMapa-
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METPOB KOMITOHEHTOB MOJIMMEPHbIX HAHOKOMITO3UTOB
MO3BOJIUT MPUMEHSTh MPaBUJIO CMeCeil B €ro NepBo-
HavaibHOM Buae. OCHOBHOI 1LIeJIbIO HACTOsIIIEH pabo-
ThI SIBJISIETCSI MPOBEPKa 3TOTO MPEAIOJIOXEHUs s
TPeX OCHOBHBIX KJIACCOB MOJUMEPHBIX HAHOKOMITO3M -
TOB (OVCTIEPCHO-HATIOJTHEHHbIE HAHOKOMITO3UTHI, T10-
JIuMep/yriepoaHble HAHOTPYOKM U moaumep/2D-Ha-
HOHAIIOJIHUTEb).

DKcnepuMeHT

Hdnsa aucrepcHO-HAITOJTHEHHBIX HAHOKOMITO3UTOB
B Ka4eCTBE MAaTPUYHOTO IMOJIMMEPA MCITOJb30BaH MO-
qunponuieH (ITI1) mpoMbIIIEHHOTO MPOU3BOACTBA
Mapku Kamnen 01030 co cpenHeBecOBON MOJIEKY-
JISpHOI Maccoit (2...3)105 U UHJEKCOM TMOoJuaAucHep-
cHoctu 4,5. B KauecTBe HaHOHAMOJHUTES MPUME-
HsUIY T100ysipHbIi HaHoyiepon (ITHY) npousBoac-
TBa rpynnbl KomMmnaHuii "OObegnMHEHHBIE CUCTEMBI"
(r. MockBa) ¢ pa3MepoM YacTull 5...6 HM, yIeJabHOI
nmoBepxHocThI0 1400 M2/F U MaCCOBBIM COJIepXKaHUEM
0,25...3,0 mac. %.

Hanokommnosutst I1I1/THY mony4yeHs! cMmenimBa-
HUEM KOMITIOHEHTOB B pacIllaBe Ha IBYXIIHEKOBOM
skctpyaepe Thermo Haake Mmonenu Reomex RTW 25/42
(®PT'). CMmemnBaHue BHITIOJHEHO MPU TEeMIIepaType
463...503 K n ckopoctu BpaleHns mHeka 50 06/MUH
B TeueHue 5 MuH. OOpa3ubl 1JIs1 UCIIBITAHUH TTOJTyde-
Hbl METOJIOM JINThS TIOJ JaBJIeHUEM Ha JIUTbEBO Ma-
mmHe Test Sample Molding Apparate RR/TS MP
¢upmbl Ray-Ran (BenukoOpuTtaHus) mpu TeMmepary-
pe 483 K u maBnenun 43 MIla.

MexaHn4JecKue UCTIBITAaHUS Ha OMHOOCHOE pacTsiKe-
HM€ BBITIOJHEHbI HA 00pa3uax B hopMe IBYXCTOPOHHEMH
JonaTku ¢ pasMepamu corimacHo FTOCT 112 62—80. Uc-
MBITAaHMS TTPOBOIMIIA Ha YHUBEPCATLHOM MCTIBITATE b~
Hoii mammmHe Gotech Testing Machine CT-TCS 2000
(TaiiBanb) nipu Temmeparype 293 K u ckopocTu ae-
dopmanym ~2 - 1073 ¢ L




s HaHOKOMITO3UTOB TIOJMMED,/YIIePOIHbBIE Ha-
HOTPYOKM B KauyeCcTBE MaTPUYHOIO IOJMMEpa HC-
IM0Jb30BaH TepMoIUIaCTUYHbIN noauyperaH (ITY) Ha
OCHOBE apoMaTuyeckoro noauspupa mapku Inorgan
PS 455-203 (Morthane) npousBoacTBa ¢pupmbl Hunt-
sman Polyurethanes (CILIA). B xkauecTBe HaHOHAIIOJ -
HUTEJST TIPUMEHSIM yriaepoaHbie HaHOTpyOoku (YHT)
Mapku PR-19HT npousBoacta upmsl Applied Scie-
nce Inc. (CIHA). Dtu YHT umenu HapyXHbII aua-
MeTp 50...120 HM, TOJNILUHY CTeHKU 20 HM M UCXOJTHOE
acnektTHoe oTHoiueHue 50...200.

O6paszubl HaHokoMno3uToB ITY/YHT nonydeHsl
MeTonoM TtojuBa u3 pactBopoB I1Y m YHT B Terpa-
xjiopaTaHe. OHU UMEJIM TOJIIMHY TTpuMepHO 0,3 MM,
u coaepxxaHue YHT B HUX BapbUpPOBaAIOCh B Mpeaeiax
2..22 mac. % [5].

HcnbiTaHus Ha pacTskeHue BBITIOJIHEHBI Ha 00pa3-
LIaxX IpsSIMOYTOJILHOI (hopMbI ¢ pazmepamu 60 X 5 M.
s ucriplITaHMi HAa OMHOOCHOE PACTSIKEHUE, TPOBe-
JNEHHBIX TIpu Temrnepatype 293 K 1 ckopocTu 1osi3yHa
40 MM/MUH, WCIIOJIb30BaH YHUBEPCAIbHBIA MPUOOP
st mensitanuii Instron (UTM, Model 4465) [5].

7151 U3roToBJIEHUST HAHOKOMITO3UTOB Moiumep/2D-
HaHOHAMOJIHUTENb UCMOJIb30BaH okcu rpadena (OI),
MMOJTYYeHHBIM M3 TIOpOIKa MPUPOTHOTO TpaduTa IO
MeTony Xammepca [6]. CHayana mopolok rpadura
OUMIIAIN AVATV30M IS YOAJICHUS OCTATOYHBIX Me-
TaJUTMIECKHUX IPUMeceid, 3aTeM (OYIBTPOBAIN U CYIIIN-
JIM ozl BakyyMoM Tpu Temrieparype 333 K B TeueHue
cytok. ITonydyeHHbI TopolkooopasHbiii OI' o6pada-
THIBAJIN YJILTPA3ByKOM B IEMOHU3UPOBAHHOM BOIE IS
MMOJIy4eHUS] TOMOTE€HHOM nucrepcun [6].

B xauecTBe MaTpUUYHOIO IOJUMepa ObLT UCIIOJIb30-
BaH noauBuHUIOBKI criupT (ITBC) ¢ MonekynsapHoii
Maccoii noBTopsitonierocst 3seHa 2400...2500 r/monb
Mapku 122 co cteneHblio ruapoau3a 98...99 % npous-
BoacTBa ¢pupMsbl Beijing Chem. (KuTait). [Tnenku HaHO-
kommosutoB [IBC/OT ¢ comepxxannem OI 1...5 mac. %
MoJTydyeHbl BaKyyMHOM unbTpanueit nucrepcuii [I1IBC
n OI' B nemoHM3npoBaHHON BOJE 4Yepe3 IOJIMKapOo-
HaTHBIE MeMOpaHHI ¢ pa3MepoM Top 0,2 MKM TIpOU3-
BojacTBa (pupmbl Nuclepore (BenvkoOputaHusi), TieH-
KUY TIOABEPTaid CYIIKe TIPY YKA3aHHBIX BBIIIIE YCIOBU-
sx. Ilepen MCHBITAHUSAMU TIJICHKA HAaHOKOMITO3MTOB
IMBC/OI' nonomMHNUTEILHO CYIIMIIM TP TEMIIepaType
333 K B Teuenne 1 9 [6].

MexaHW4yecKre VCTTBITAHUS BBITIOJTHEHBI HA Malllv-
He 1y pacTsokeHuss moaenu WDW 3020 Autograph
npousBoacTBa ¢pupMbl Changchun Xinke Co. (Kuraii).
B kauectBe 00pa3lioB MCHOJAb30BaHbI IUJIEHKW TOJI-
wuHoi 78...120 MKM, IIUPUHON 2...3 MM U IJUHOK
20...25 mM. WMcnibiTaHusI BBITTOJHEHBI TIPU TeMIepaTy-
pe 293 K, ckopoctu nojdyHa 1 MM/MUH U MpeaBapu-
teJabHOM Harpyske 0,5 H [6].

Pe3ynbTaThl H 00CyXKIeHne

Kak ormeuanioch Bbillie, B pabote [4] ObuiO TOMY-
YEHO CJIeaylolliee COOTHOIIEHME, TTO3BOJISIONIee Cle-
7ath pacyeT BeMMuuH Ey,, 1 B4

dE do
ﬁ: = (EM(I) - EM) d(PMl.?) + (nOEHaH - EM)’ (D

rae E, — MOIyJIb yIIpyrocT¥ HaHOKOMIIO3UTA; @ U
Pup — 00beMHOE copepKaHWe HAHOHAIOJHUTES U
MeX(da3HbIX 00J1aCTel COOTBETCTBEHHO; 1y — (aKkTop
3(HEKTUBHOCTU OPUEHTALUMK aHM30TPOIIHOIO HAHO-
HanoHuTeNs, Kotopblii paBeH 0,38 mrg YHT u OI' u
1,0 nig T'HY kxak M30TpOnHOro HAaHOHAIIOJIHUTENS [4].

OuleHKa 3HaYEHUA @, BBINOJIHEHA COMIACHO XOPO-
1II0 M3BeCTHOI popMyne [7]

Wy
= @)
Py o

rae W, — maccoBoe colepXaHUe HAaHOHAIIOJIHUTE]IH;
Py — €ro IUIOTHOCTD, ONpeesaeMas CIeAYIONUM 00-
pasom [7]:

p, = 188(D)'/3, xr/m?, (3)

rae D, — pa3Mep 4acTULbI HAHOHATIOJHUTENS, 3a1a-
BaeMblil B HAaHOMeTpax.

B xayectse D, 11 AMCIIEPCHOTO HAHOHAIIOJIHMU-
tenas THY npunaT nuametp Darp (hopMUpyeMbIX 3TUM
HaHOHAIIOJHUTEeNIeM arperatoB HaHouactul [HY.
3HayeHue D, ONPEeIeICHO COMIACHO METONNKE, MO/
pOOHO M3JI0XEHHOI B padore [8], 1 BapbUpPOBaJIOChH B
npezgenax 22...125 um. lna YHT B kavyectBe D, uc-
MOJIb30BAaHO 3HAYCHUE HAPYKHOTO TUaMeTpa YIriepo-
HOIl HaHOTPYOKU Dy T, paBHOe 85 HM [5]. W, Hako-
Hell, a1 OI 3HaueHue p, pasHO 1600 Kr/M3 [6]. DTO
3HAaYEHHUE p,; XOPOUIO COIJIACYETCA € OLIEHKOM corjac-
HO ypaBHeHMIO (3), ecId B yKa3aHHOM YpaBHECHUM B
KayecTBe D, IPUHATH cpefHee apUPMETUYECKOE 3HA-
YeHHMe TpeX OCHOBHBIX Pa3MepoB IIACTUHBI OKCHAA
rpadena: miuHbl (~1400 HM), mwmpuHbl (~800 HM) U
TOMUWHE (~1 HM) [6].

OO6beMHast 1oJs1 Mexkda3HbIx obnacTeit Py OTIPE-
JejeHa C TTOMOIIBIO CICAYIONIETO MePKOISIIINOHHOTO
COOTHoLIeHUs [7]:

E
7 =1 ey + oy, )

M

rae otHoweHnue E,/E,, IPUHATO Ha3bIBaTh CTETIEHbBIO
YCUJIeHUST HAaHOKOMITO3MTA.

Ha puc. 1 nmpuBeneHo COOTHOIIEHUE TTPOMU3BOTHBIX
dE,/do, n d(pM(b/d(pH, COOTBETCTBYIOIlIEE YPABHEHUIO
(1), nnsa nHanokomnosauros I[1I1/THY. BT1o cooTHoIlIIEe-
HUE 0Ka3alloCh JIMHEWHBIM, UTO IO3BOJISIET OIpeie-
JuTh 3Hayenus £, = 18 I'Tla n EMCD = 2,6 I'Tla mna
yKa3aHHBIX HAHOKOMIIO3UTOB. Takue 3HaueHus1 E

HaH
n EM(I) npeéamnoJjararoT, 4TO M1 HAaHOHAIIOJIHUTCIIb, U
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Puc. 1. Coornomenne npoussonubix dE,/do, n do,q/de,, coor-
BercTByIomee ypasHenuio (1), nna nanokomnosuros IIII/THY

Fig. 1. Correlation of derivatives dE,/dp, and dq),f/d(pn, corresponding
to equation (1) for nanocomposites PP/GNC
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Puc. 2. CpaBHeHue nosiyueHHoO# IKcnepumeHTabHo () u paccum-
TAHHOI COIJIACHO mpaBuiy cmeceil (ypaBHenue (5)) (2) 3aBucumoc-
Teil Moayns ynpyroctd E, or 00beMHOro coiep:kaHusA HAHOHAMOJI-

HATENA @, A Hanokomno3utos IIIT/THY

Fig. 2. Comparison of received experimentally (1) and calculated
according to the rule of mixtures (equation (5)) (2) dependences of the
modulus of elasticity E, on the volume content of nanofiller ¢, for

nanocomposites PP/GNC

MexX(a3zHble 00J1acTU SIBJISIOTCS apMUPYIOIIUM (YCU-
JIMBAIOILIMM) BJIEMEHTOM CTPYKTYPbhl HAHOKOMITO3UTOB
II1/THY, B ciyyae kotopbix E,, = 0,98 I'Tla, HO Takoe
ornpejeseHue B OOJblIei CTENEeHW OTHOCUTCSI K Ha-
HOHAIOJIHUTENO B CUITy yernoBus Ky, > Ey4. 910
00CTOSTENBCTBO MO3BOJISIET UCIOJIB30BATh JJIs1 OMpe-
JeJIeHUsI MOIyJs YNPYroctTu E, HaHOKOMIIO3UTOB
[IT1/THY npaBuiio cMmeceil B ero nepBoHAYaabHOM U

HambOosiee TIpocToM Buae [1]:

EH = EHaH(PH + EM(I - (PH)' (5)
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Ha puc. 2 npuBeaeHo cpaBHEHME TIOJyYEeHHOM K-
CIIEPUMEHTAIbHO M PACCYMTAHHOM COIJTaCHO MpaBUITy
cMmeceil (ypaBHeHMIO (5)) 3aBucumocteil E (¢,) m1a
HaHokomnio3utoB [II1/THY. Kak cneayer u3 storo
CpaBHEHUS, MPABWJIO CMECeil B MPEIIOKEHHOM BUJE,
T. €. TIPY UCTOJIb30BAaHNN HE HOMMHAJIBLHOTO, a peaib-
HOTO MOJLYJISl YIIPYTOCTY HaHOHAIonHuTend £, ,, 1aer
XOpOIlIee COOTBETCTBUE C DKCIEPUMEHTATbHBIMU JaH-
HbIMM (CpellHee pacXoXXaAeHUe TEOPUU U SKCTIEPUMEH-
Ta COCTaBJIsIeT ~7 %, YTO COMOCTABMMO C MOTPELIHOC-
ThbIO KCIIEPUMEHTA NPU ompeneneHuu £,).

Ha puc. 3 npuBeneHo aHaJIOTMYHOE COOTHOIICHUE
Npou3BOAHbIX dE,/dp, v doyg/de,, COOTBETCTBYIO-
mee ypaBHeHuto (1), niast HaHokommno3uTos ITY/YHT.
YKazaHHO€ COOTHOILLIEHUWE BHOBb JUHEHHO, YTO AAeT
BO3MOXHOCTb OLEHUTb NapaMeTpsl £, = 0,64 I'Tla
u EM(b = 0,097 I'lla. Eciu yuectb, uto mast I1Y
E,, = 0,013 I'Tla, To 5TM 3Ha4eHUs JAIOT OCHOBAHUA
CUUTATh U YIJIEPOIHbIE HAHOTPYOKU (WM, TOUHEE, UX
arperatbl B BHUJE KOJIbLIEOOPa3HbIX (OopMUPOBAHUI
[5]), u Mexdas3Hble 00J1aCTU YCUIIMBAIOIIUM (ApMUPY-
IOIIMM) 3JIEMEHTOM CTPYKTYpPbl pacCMaTpUMBaeMbIX Ha-
Hokomro3utoB [1Y/YHT nipu Gojiee CUIIBHOM BJIUSI-
HUM HAHOHAMOJHUTENSI. DTO OOCTOSATENHbCTBO BHOBD
MO3BOJISIET UCITOIB30BATh MPABMJIO CMECeil WIN ypaB-
HeHue (5) IJI1 TeOpeTUYECKOTO OIMMCAHUSI MOMYJs
ynpyrocti HaHokoMmno3utoB I1Y/YHT. CpaBHeHue
MOJYYeHHOM 9KCIIEPUMEHTAIBHO M paCCUYUTaHHOM CO-
[JIaCHO MpaBUIly cMeceil 3aBucumoctent E (¢,) mmd
yKa3aHHbIX HaHOKOMIIO3UTOB IOKa3aHO Ha puc. 4.
Kak cnenyet U3 3Toro cpaBHeHUs, MEXIY TEOpPUEH U
BKCIEPUMEHTOM IOJIYYEHO TOCTATOYHO XOPOIee Co-
OTBETCTBUE (MX CpEeIHEe pPAaCXOXIEHUE COCTaBJISIET
~10 %). Takum 06pa3oM, IIPaBUIIO CMECEH B €ro Ipo-

dEy/doy, MIla (dE,/dp,, MPa)
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Puc. 3. Coornomenne nponssopubix dE,/do, n deyy/de,, coor-
BeTcTBYIomee ypapHenuio (1), nus nanokomnosuros III1/YHT

Fig. 3. Correlation of derivatives dE,/dyp, and dga,-f/d(pn corresponding
to equation (1) for nanocomposites PP/CNT
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Puc. 4. CpaBHeHue noJydeHHO# 3KcnepuMeHTanbHo () W paccum-
TAHHO# COTJIacHO mpaBuiy cMmeceil (ypasuenue (5)) (2) 3aBucumMoc-
Teil Moayas ynpyroctu E; oT 00beMHOro copep:KaHusl HAHOHAMOJI-

HUTeNA @, A Hanokomnosutos ITIT/YHT

Fig. 4. Comparison of the received experimentally (1) and calculated
according to the rule of mixtures (equation (5)) (2) dependences of the
modulus of elasticity E, on the volume content of nanofiller ¢, for

nanocomposites PP/CNT

CTelllIeM BUJAE XOPOIIO OMUCHIBAET 3aBUCUMOCTb MO-
Iy YIIPYTOCTU OT COACPXKAHWS HAHOHATIOJHUTEIIS
IUIS. TIOMUMEPHBIX HAaHOKOMITO3UTOB, HAIlOJHEHHBIX
YIJIEPOIHBIMU HAHOTPYOKaMU.

Ha puc. 5 npuBegeHO COOTHOILIEHNE ITPOU3BOTHBIX
dE,/do, n d‘Pmcp/d(Pw COOTBETCTBYIOLEE YPABHEHUIO
(1), o mociemgHEro M3 paccMaTpUBaeMBbIX KJIacCOB
HAHOKOMITO3UTOB — HAHOKOMITIO3UTOB ToaumMep,/2D-
HaHOHAIOJHUTEb HA MPYMepPe HAHOKOMITO3UTOB T10-
JIMBUHUJIOBBIN criupt/okcua rpadena (IIBC/OT) [6].
Kak u nmng apyrux KjlacCoB 3TMX HAHOMATEPUAJIOB
(cm. puc. 1 u 3), moaydyeHO JIMHEHOE COOTHOIIECHUE
5TUX TIPOU3BOIHBIX, MO3BOJISIIOLIEE TTPOBECTU PaCUeT
monyJeii ynpyroctu £, = 140 I'Tlan EMq) =9,7 I'Tla.
OTMETUM BaXXHBIM acIeKT 3TOM IMPOOJIeMBbl: HOMHU-
HaJibHBIEe 3HadYeHus1 moxaynsg ynpyrocti YHT m OT
MMPUMEPHO paBHBI 1 ipubmkatorcs K 1000 I'Tla [4, 6],
HO peaJlbHble 3HaY€HUs MONyNd ynpyroctu K, ar-
peraToB 3THUX HAHOHAIIOJHUTEJICH B ITOJIMMEPHOMU
MaTpulle HAaHOKOMITO3UTOB pasanyaloTcs 0ojiee 4YeM B
200 pa3z — 0,64 u 140 I'Tla cooTBEeTCTBEHHO. 3HAUEHE
E,, s TIBC pasno 2,1 I'Tla [6], u, cienoBaTenbHO,
KaK ¥ JJi OPYTUX OIMMCAHHBIX BBIIIE KJIACCOB ITOJIM-
MEPHBIX HAHOKOMIIO3UTOB, MexXda3Hbie 00J1acTU SIB-
JISIIOTCSL apMUPYIOLIUM (YCUJIMBAIOLIMM) 3J€MEHTOM
CTPYKTYpBl HAHOKOMIIO3UTOB ToiuMep/2D-HaHOHa-
MOJIHUTEJIb, HO MeHee 3(PPeKTUBHBIM, UeM COOCTBEHHO
HaHOHAIIOJHUTENb (OKcua rpadeHa). DTO MO3BOJISET
BHOBb MCIOJIb30BaTh MPABUIIO CMECEH IJI OMUCAHUS
MOJyJIsl YIIpYrocTu £, 3TOro Kjaacca HaHOKOMIIO3M-
ToB. Ha puc. 6 mpuBeneHO cpaBHEHHWE TOJTYYEHHOM
SKCIIEPUMEHTAJIbHO U PACCUYMTAHHOM COIJIACHO YpaB-
HeHMIo (5) 3aBucumocrteit £, (¢,;) 11 HAHOKOMIIO3U-
toB [IBC/OT'. Kak MOXHO BUIE€Th, BHOBb MOJIYYEHO

XOpolllee COOTBETCTBUE TEOPMU U IKCIEepUMeHTa (X
cpenHee pacxoxaeHue cocTtasisieT ~5 %). Takum 06-
pa3oM, M3MEeHEHNEe MOMYJIS YIIPYTOCTH KaK (PYHKIIUU
comepXaHWSI HAHOHATIOJHUTES TSI TPEeX OCHOBHBIX
KJIACCOB CYIIECTBYIOIIMX B HACTOSIIEEe BpeMsl HAHO-
KOMITO3UTOB XOPOIIIO OMUCHIBAETCS TIPOCTBIM TIPABU-
JIOM CMeceii IpY NCITOTb30BaHNH peaTbHBIX 3HAYCHUI
BXOISIINX B HETO TTapaMeTpoB, a He HOMWHAIIBHBIX.
OTMEeTUM, YTO B MPEIOKEHHON TPaKTOBKE, B OTJHU-
Yyyie OT MUKPOMEXaHUYECKUX MOJiesiell, He TPUMEHSIIOT
HOMMHaJIbHbIe 3HAYEHUST MOIYJISl YIIPYTOCTU U CTere-
Hu aHuzoTponuu (o YHT u OI') HaHOHamoMHUTesI.

dEy/doy, I'Tla (dE,/do,, GPa)
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50 | | |
0 10 20 30
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Puc. 5. Coornomenne npoussopusix dE,/do, n deyy/de,, coor-
BeTcTBYIomee ypaBHenuio (1), nis nanokomnosuros [IBC/OT

Fig. 5. Correlation of derivatives dE,/dp, and dpy/de,, corresponding
to equation (1) for nanocomposites PVA/GO
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Puc. 6. CpaBHeHue NOJIy4eHHO# 3KcnepuMeHTanbHO (1) W paccum-
TAHHO# COTJIACHO mpaBumiy cMmeceil (ypasuenue (5)) (2) 3aBucuMocC-
Teil Moayins ynpyroctd E, oT 00beMHOT0 COmepXKAHHA HAHOHANOJI-

HUTENA @, 1 HaHokommo3utos ITBC/OI
Fig. 6. Comparison of the received experimentally (1) and calculated

according to the rule of mixtures (equation (5)) (2) dependences of the
modulus of elasticity E, on the volume content of nanofiller ¢, for

nanocomposites PVA/ GO
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Fig. 7. Dependence of the module of elasticity of the nanofiller in the
polymeric matrix E,,, on the modulus of elasticity of the matrix polymer

E,, for the considered nanocomposites

Kax usBectHo [5, 9], aHU30TpOINHbIE HAHOHAIIOJ -
HuTe U (yriaepoaHble HAHOTPYOKHU U BoJIOKHa, 2D-Ha-
HOHAMOJIHUTEJIM) JAl0T ropas3no OoJiee 3hdeKTUBHOE
ycuiieHue (6osiee BEICOKYIO CTeneHb yeuinenus £, /E,,)
B cJlyyae 3JIACTOMEPHBIX MaTPHIl TI0 CPAaBHEHUIO CO
CTeKJI000pa3HbIMU. B o0leM ciydae aToT addekr
OOBSICHSCTCS TOPa3I0 MEHBIIIUM MOIYJIEM YIIPYTOCTH
5JIaCTOMEPOB MO CPaBHEHUIO CO CTEKJI00OpPa3HBIMU
noaumepamu [3, 9]. ABTopsl paboThl [5] Mcnoab30Ba-
1 ¢popmyay Burrena, Pyouninreitna u Koaou, moiry-
YEeHHYIO JUIST arperaToB AuUcIiepcHbIX yactull [10]:

4
— "VHT

Earp - EYHT[ R j > (6)
YHT

rie Earp n Eyyr — Monynu ynpyroctu arperatoB YHT

B IOJIMMEPHOI MaTpuLIe 1 OTAEJIbHONK HAHOTPYOKHU CO-
OTBETCTBEHHO; ryyt — paauyc YHT; Ryyr — pannyc
arperata YHT.

ABTODPBI pabOThI [5] A1 0OBSICHEHUS YITOMSIHYTO-
ro Bblille 3¢pdeKTa NpeanogSoXWin, YTO YBEIUUYECHUE
Ryt B ipouecce arperauun YHT npuBoaur K cyiec-
TBEHHOMY CHUKEHUIO Earp corymacHo (opmyie (6) u
COOTBETCTBYIOLIEMY CHIKEHMIO apMUPYIOLIE Crioco0-
Hoctu arperatoB YHT. B ocHOBy 3TOro momyiieHus
MOJIOKEHO JIBa JIOXKHBIX MOchUIa. Bo-mepBhIX, ycuie-
Hue arperauuu YHT conpoBoxnaercs: He yBeIUYEHU -
eM Ryyr, a ero ymenbiienueM [11]. Bo-BTopsbix, ar-
peratel YHT HaxonmsiTcs B OKpY>X€HUM TOJUMEPHOM
MaTpPULIbl U CBSI3aHbI C HEM CUJIbHBIMU aAre3MOHHBIMU
CcBs13sIMU [12] ¥ MO3TOMY Helb3sl paccMaTpuBaTh Je-
dopMalMio 3TMX KOMIIOHEHTOB HAaHOKOMIIO3UTa WU,
CJIeI0BAaTENbHO, UX MOMYJIb YIIPYTOCTH B OTAEIBHOCTH.

470 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 8, 2018

Yem xectue okpyxatoiiasa arperaT YHT noaumepHast
MaTpuiia, TeM MeHblle aedopManysi COBOKYMHOCTU
Matpuua—arperaT YHT u Tem Bblllie MOjenb YIpy-
roctu nocieaHero. Ha puc. 7 npuBeaeHa 3aBUCMMOCTD
MOJyJI YIPYrOCTU HaHOHANojaHuTens k.., onpene-
JICHHOTO 110 JaHHBLIM puc. 1, 3 u 5 u ypaBHeHuio (1),
OT KBajJpaTa MOJYJISl yIIPYTOCTU MaTPUYHOTO TOJUMeE-
pa E,, (Takas ¢opma 3aBucumoctu E,, ot E|, BbIOpa-
Ha B LIEJSIX €€ JIMHeapu3aluu ISl TpeacTaBUTesei
TpPeX OCHOBHBIX KJIACCOB ITOJIMMEPHBIX HAHOKOMITO3M -
TOB, PACCMOTPEHHBIX B HacCTOsIIEH paboTe, U HAHO-
KOMIMO3UTa TOJMBUHUIOBBIN CIIUPT/YIIepoaHbIe Ha-
HOTPYOKM MO JaHHBIM padoThI [4]). Kak MOXHO BUIIETH,
3Ta 3aBUCHMMOCTb JIMHEHA U OIMMCHIBAETCSI TTPOCTHIM
SMIUPUYECKUM YpaBHEHUEM (IJI CTEKJI000pa3HbIX
MaTPUYHBIX MMOJMMEPOB):

E.=2E.. )

sl HAHOKOMIO3UTOB C 3JIACTOMEPHOM MaTpullei
3aBUcuUMoOCTh £, (E, ) okasanach ciabee:

E . = 49,2F,. 8)

Takum o6paszom, u3 ypaBHeHuii (5), (7) u (8) cie-
JyeT, 4YTO MOAYJb YIPYIrOCTM HAHOKOMIIO3UTOB BCEX
paccMaTpuBaEMbIX KJIACCOB OMPENENSIETCS TOJbKO JIBY-
Ms TlapaMeTpaMu: MOIYJIeM YIPYTrOCTM MaTPUYHOIO
MOJUMEpPA U COACPXAHUEM HaHOHAMOJIHUTENs. Tem
He MeHee, Kak clienyeT u3 ypaBHeHui (7) u (8), omHO-
3HAYHOW (DYHKUIMOHATBHOW CBA3M MEXIy MapaMeTrpa-
mu E .. 1 E| HE CYILECTBYET, YTO YCIOXHAET 3a1a4y
ONMCAHUSA BEJUYUHBI £ C UCIIOJIb30BAHUEM ITAPAMET-

poB E, 1 ¢,.
3akinouenune

PesynbTaThl HacTOSsIIIIEH pabOTHI TOKA3aJIv, YUTO MO-
IyJb YIIPYTOCTH TTOJMMEPHBIX HAHOKOMITO3UTOB TPeX
OCHOBHBIX KJIaCCOB (IMCIIEpCHO-HAITOJTHEHHBIX HAHO-
KOMITO3UTOB, TOJMMEp/yIIEPOIHBIX HAHOTPYOOK U
nojumep/2D-HaHOHAMOIHUTEJISI) MOXET OBITh KOp-
PEKTHO OIMMCaH B paMKax TIpaBWIa CMecel B €ro M3-
HayaJbHOM U HauboJjiee MpocToM Bue. Takoit pe3ysb-
TaT TOCTUTAETCS B TOM CJIy4ae, €CJIU B 9TOM TPaKTOBKE
HCTIOJIb3YIOTCSI HE HOMUHAIbHBIE, a pealbHbIe XapaK-
TEPUCTUKH CTPYKTYPHBIX KOMITOHEHTOB HAaHOKOMIIO-
3UTOB. MOmy/Ib YIIPYTrOCTH HAHOHATIOJHUTES B TTOJIM -
MEpHOI MaTpuile HAHOKOMIIO3UTA SIBJISIETCSl CUTIbHOM
(kBagpaTU4HOM) (PyHKIMENH MOAYJS YIPYrOCTU MaT-
PUYHOIO MoJMMepa ISl CTeKJI000pa3HbIX MaTpUll U
Oosee cmaboil (IMHEWHOW) — IJIsI 3J1aCTOMEPHBIX.
[IpennoxeHHas TpakKTOBKAa He MPUHUMAET BO BHUMA-
HUE¢ HA MOAYJb YIIPYTOCTH MCXOMHBIX YaCTUI] HAHOHA-
TOJTHUTENISI, HU MX CTelleHb aHu3oTpornuu. [IpaBuio
cMeceil (ypaBHeHue (5)) maeT BepXHUI Mpenesa MomyJis
VIIPYTOCTH HAHOKOMIIO3WUTOB, OIPenessIeMbIil Tocie-
JIOBaTEJIbHBIM MEPEHOCOM MPUJIOXKEHHOIO K 00pasily




MEXaHWYECKOTO HAMPSIKEHMS OT TTOJTMMEPHOM MaTpu-
1Ibl K HAHOHAMOJIHUTENI0. [locTHKeHe 3TOro Mpejaesia
B clyyae paccMaTpUBaeMbIX HAHOKOMITO3UTOB O3Ha-
YaeT, YTo JajbHelilllee yBeJrndyeHUe MOIYJIsSl YIIPYTOCTU
HAHOKOMITO3UTOB MOXET ObITh peajn30BaHO 3a CUET
VAYYIIEHUS] CTPYKTYpPbl HAaHOHAIOJIHUTENSI B TOJIM-
MEpHOI MaTpUlle U COOTBETCTBYIOLIETO YBEJIUUYEHUS
€ro MOAyJis YIIPYTOCTH.
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The article presents a possibility of application of the mixtures rule for description of the elastic modulus for three main classes
of the polymer nanocomposites (filled with disperse particles, carbon nanotubes and graphene oxide — 0D, ID and 2D, corre-
spondingly). The authors demonstrated that this rule was correct only in the case, when real, but nominal, characteristics of the na-
nocomposite components were used in it. As a result of estimation of the real elastic modulus of the nanofiller in the polymer matrix
of the nanocomposites it turned out that it was much lower than its nominal value. This effect was especially pronounced for the elas-
tomeric matrix, where the real value of the elastic modulus could be smaller by three orders, than its nominal value. Thus, the real
elastic modulus of the nanofiller in the polymer matrix was defined, as a minimum, by two parameters: aggregation level of the na-
nofiller and stiffness of the polymer matrix. An estimation of the real value of the elastic modulus revealed, that it was proportional
to the second power of the elastic modulus of the matrix polymer for the glassy matrix and to the first one — for the elastomeric matrix.
As is known, the mixtures rule gives an upper limit of the elastic modulus for a nanocomposite. Therefore, when this limit is achieved,
the further improvement of the indicated parameter can be realized only at the expense of the nanofiller structure in the polymer
matrix of a nanocomposite and corresponding increase of its elastic modulus. It is significant that the model proposed in present work
does not take into consideration the elastic modulus and anisotropy degree of the particles of the initial nanofiller. A simulmaneous
determination of the elastic modulus of the interfacial areas demonstrated, that this parameter was larger essentially then the cor-
responding characteristic of the matrix polymer and in virtue of this circumstance the indicated areas were the same reinforcing el-
ement of the nanocomposite structure, as, actually, the nanofiller. Consequently, the efficiency of any class of the nanofiller is defined
not by its initial characteristics (elastic modulus and anisotropy degree), but its ability to generate high-modulus interfacial areas.

1t was demonstrated that for such specific class of nanoparticles as the carbon nanotubes their aggregation was realized through for-
mation of the ring-like structures, which were analogues of the macromolecular coils of the branded polymer chains, and the aggregation
level grew in the area of those structures’ radius. Thus, the general conclusion offered in this work concerns applicability of the mixtures
rule for a quantitative definition of the elastic modulus of the polymer nanocomposites, which are two-component random blends.

Keywords: nanocomposite, elastic modulus, mixtures rule, nanofiller, structure
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Introduction

The rule of mixtures was the first theoretical approach ap-
plied for description of the modulus of elasticity of the poly-
mer composites [1]. Since this rule far from always describes
correctly the modulus of elasticity of the composites during a
change of the content of the filler, it was modified many times
and made a basis for a big number of micromechanical mod-
els. Nevertheless, these models have limited application, and
in case of the polymer composites the calculations made in
accordance with the above models often give contradicting
results [2, 3]. Obviously enough, this circumstance has phys-
ical grounds. Both the rule of mixtures and the micromechan-
ical models operate with the initial characteristics of the com-
ponents of the polymer composites — elasticity modules of
the nanofiller and the matrix polymer, the degree of anisot-
ropy of the particles of the filler, etc. [1]. However, the spec-
ified parameters are virtual characteristics, which do not have
anything in common with similar indicators of the real com-
posites and the more so, of the nanocomposites. In real na-
nocomposites there are two strong effects, leading to a diver-
gence of the nominal and real characteristics, namely, aggre-
gation of the initial particles of the nanofiller in a polymer
matrix and formation of interphase areas. Thus, in [4] a meth-
od was proposed for calculation of the elasticity modules of
the nanofiller E,,, and interphase areas Ejcin the polymer
matrix of the nanofillers: polyvinyl alcohol/carbon nanotubes,
and it was discovered that E,,, = 71 £55 GPa at the nominal
modulus of a separate carbon nanotube E-yr~ 1000 GPa and
E,-f= 46 +5.5 GPa at the nominal modulus of elasticity of the
matrix polyvinyl alcohol E,, = 1.92 +0.33 GPa. Therefore, we
should expect that the use of the real parameters of the com-
ponents of the polymer nanocomposites will allow us to apply
the rule of mixtures in its original form. The main aim of the
present work is verification of this assumption for three basic
classes of the polymer nanocomposites (particulate-filled na-
nocomposites, polymer/carbon nanotubes and polymer/2D
nanofiller).

Experiment

For the dispersion-filled nanocomposites as a matrix pol-
ymer Caplen 01030 polypropylene (PP) was used, with the
average weight molecular mass of (2...3)105 and polydisper-
sion index of 4.5. As a nanofiller the globular nanocarbon
(GNC) was applied manufactured by Incorporated Systems
(Moscow) with the size of particles of 5...6 nm, specific sur-
face of 1400 m2/g and mass content of 0.25...3.0 % mas.

PP/GNC nanocomposites were received by mixing of
components in a melt in a twin-screw extruder from Thermo
Haake, ReomexRTW 25/42 (Germany). Mixing was done at
463...503 K and the speed of rotation of the screw of 50 rpm
during 5 min. The test samples were received by the method
of moulding under pressure on Molding Apparate RR/TS MP
from Ray-Ran Co. (Great Britain) at 483 K and pressure of
43 MPa.

The mechanical tests for monoaxial stretching were done
on the samples in the form of a double-sided shovel in ac-
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cordance with GOST 112 62—80. The tests were done on the
universal Gotech Testing Machine CT-TCS 2000 (Taiwan) at
293 K and the speed of deformation ~2 - 1073571

For the nanocomposites polymer/carbon nanotubes as
the matrix polymer the thermoplastic polyurethane (PU) on
the basis of an aromatic polyether, Inorgan PS 455-203
(Morthane), from Huntsman Polyurethanes Co. (USA) was
used. As the nanofiller the carbon nanotubes (CNT) of PR-
19HT from Applied Science Inc. (USA) were applied. Those
CNT had the external diameter of 50...120 nm, wall thickness
of 20 nm and the initial aspect relation of 50...200.

The samples of PU/CNT nanocomposites were received
by the sprinkling method from solutions of PU and CNT in
tetrachloroethane. They had thickness about 0.3 mm and the
content of CNT varied within 2...22 % of mas. [5].

Tests for stretching were done on the samples of a rec-
tangular form with dimensions of 60 X 5 mm. The tests for
uniaxial stretching, at 293 K and the speed of the slider of
40 mm/min, were done on Instron (UTM, Model 4465) uni-
versal testing device [5].

For manufacturing of the nanocomposites polimer/2D
nanofiller, the graphene oxide (GO) received from a natural
graphite powder by Hammers method [6] was used. At first,
the graphite powder was cleaned of the residual metal impu-
rities by dialysis, then it was filtered and dried in vacuum at
333 K within 24 hours. The received powder-like GO was
processed by ultrasound in the deionized water for obtaining
of a homogeneous dispersion [6].

As the matrix polymer, the polyvinyl alcohol (PVA) was
used with molecular weight of the repeating link of
2400...2500 g/mol, 122 with hydrolysis degree of 98...99 %
from Beijing Chemis Co. (China). PVA/GO films of nano-
composites with content of GO of 1...5 % of mas. were re-
ceived by a vacuum filtration of PVA and GO dispersions in
the deinonized water through the polycarbone membranes
with the size of pores of 0.2 um from Nuclepore Co. (Great
Britain), and then the films were subjected to drying under the
conditions specified above. Before testing the nanocomposite
films of PVA/GO were additionly dried at 333 K during an
hour [6].

The mechanical tests were done on WDW 3020 Auto-
graph stretching machine from Changchun Xinke Co. Chi-
na). As the samples, the films with thickness of 78...120 um,
width of 2...3 mm and length of 20...25 mm were used. The
tests were done at 293 K, the speed of the slider of 1 mm/min.
and preliminary load of 0.5 N [6].

Results and discussion

As it was mentioned above, in [4] the correlation was re-
ceived, allowing us to calculate E,,, and E,f:

dE do,
d_@: = (Ey— Em>d—q)’nf + oEpan — En)- (1)

where E, — elasticity module of the nanocomposite, ¢, and
¢;7 — volume content of the nanofiller and the interphase ar-
eas, accordingly, ny — factor of efficiency of orientation of




the anisotropic nanofiller, which is equal to 0.38 for CNT and
GO and 1.0 for the GNC as the isotropic nanofiller [4].

The value of ¢,, was estimated according to the following
formula [7]:

W,

o=, 2
Pn

where W, — mass content of the nanofiller, p,, — its density
defined in the following way [7]:

pp = 188(D,)'/3, kg/m?, 3)

where Dp — size of a particle of the nanofiller set in nanom-
eters.

As D, for the disperse nanofiller of GNC, the diameter
of Dagr was accepted of the aggregates of GNC nanoparticles
formed by this nanofiller. D,,,. was defined according to the
technique presented in [8] and varied within the limits of
22—125 nm. For CNT as Dp the value of the external diam-
eter of the carbon nanotube D1 Was used, equal to 85 nm
[5]. And, at last, for GO the value of p,, is equal to 1600 kg/m3
[6]. This value of p, agrees well with the estimation done ac-
cording to the equation (3), if in the specified equation as D,
we accept the arithmetical mean value of three basic sizes of
the graphene oxide plate — its length (~1400 nm), width
(~800 nm) and thickness (~1 nm) [6].

The value of the volume fraction of the interphase areas
@;r Was defined by means of percolation correlation [7]:

20 =1+ (g, + 0", )

where the relation of E,/E,, is usually called the degree of
strengthening of the nanocomposite.

Fig. 1 presents correlation of the derivatives dE,/d¢, and
d(p,-f/d(pn corresponding to the equation (1) for the nano-
composites of PP/GNC. This correlation turned out to be a
linear one, which maked it possible to find the values of
E,q, = 18 GPa and Ej = 2.6 GPa for the specified nano-
composites. Such values of E,,, and Ej, assume, that both the
nanofiller and the interphase areas are a reinforcing (strength-
ening) element of the structure of PP/GNC nanocomposites,
in case of which E,, = 0.98 GPa, but such a definition, to a
greater degree, refers to the nanofiller because of condition
E,un > Ejp. This circumstance allows us to use for definition of

the module of elasticity £, of the nanocomposites of PP/GNC
the rule of mixtures in its initial and simplest form [1]:

E, = Enon t Em(l - (Pn)' )

Fig. 2 presents a comparison of the experimentally ob-
tained and of the calculated in accordance with mixture rule
(equation (5)) dependences of E,(¢,) for PP/GNC nano-
composites. As it follows from the comparison, the mixture
rule in the proposed form, that is, in case of the use of not the
nominal, but the real modulus of elasticity of the nanofiller
E,,,, ensures a good correlation with the experimental data
(average divergence between the theory and the experiment
is ~7 %, which is comparable with the experimental error
during definition of E,).

Fig. 3 presents a similar correlation of derivatives dE,/do,,
and dq)if/ dg,, corresponding to the equation (1) for PU/CNT
nanocomposites. The specified correlation is a linear one,

which gives us an opportunity to estimate parameters of
Eyun = 0.64 GPa and Ej = 0.097 GPa. If we take into ac-
count that for PU E,, = 0.013 GPa, the values give us grounds
to consider also the carbon nanotubes or, more precisely,
their aggregates in the form of ring-like formations [5], and
the interphase areas as a strengthening (reinforcing) element
of the structure of the considered nanocomposites of PU/CNT
at a stronger influence of the nanofiller. This circumstance
again allows us to use the rule of mixtures or the equation (5)
for a theoretical description of the modulus of elasticity of the
nanocomposites of PU/CNT. Comparison of the received ex-
perimentally and of the calculated, according to the rule of
mixtures, dependences of E,(¢,) for the specified nanocom-
posites is presented in fig. 4. As it follows from the compar-
ison, the conformity received between the theory and the ex-
periment is good enough (their average divergence is ~10 %).
Thus, the rule of mixtures in its simplest form describes well
the dependence of the module of elasticity on the content of
the nanofiller for the polymer nanocomposites filled with the
carbon nanotubes.

Fig. 5 presents correlation of derivatives dE,/dp, and
d(p,f/d<pn corresponding to the equation (1) for the last of the
considered classes of the nanocomposites — nanocomposites
polimere/2D nanofiller on the example of the nanocompos-
ites polyvinyl alcohol/graphene oxide (PVA/GO) [6]. Just
like for the other classes of the nanomaterials (see fig. 1 and 3),
a linear correlation of these derivatives was received, allowing
us to calculate the moduli of elasticity £, ,, = 140 GPa and
Ey=9.7 GPa. We should point out an important aspect of the
problem: the nominal values of the modulus of elasticity CNT
and GO are approximately equal and come close to 1000 GPa
[4, 6], but the real values of the modulus of elasticity E,,, of
aggregates of these nanofillers in the polymer matrix of the
nanocomposites differ more than in 200 times — 0.64 and
140 GPA, accordingly. Value E,, for PVA is equal to 2.1 GPa
[6] and, hence, just like for the other classes of the polymer
nanocomposites described above, the interphase areas are the
reinforcing (strengthening) element of the structure of the na-
nocomposites polimere/2D nanofiller, but less effective, than
actually the nanofiller (graphen oxide). This allows us to use
again the rule of mixtures for description of the modulus of
elasticity E, of this class of the nanocomposites. Fig. 6
presents a comparison of the experimentally received and of
the calculated according to equation (5) dependencies E,(¢,,)
for nanocomposites PVA/GO. As one can see, a good con-
formity of the theory and experiment was achieved (their av-
erage divergence is ~5 %). Thus, a variation of the modulus
of elasticity as the function of content of the nanofiller for
three basic classes existing of the nanocomposites is well de-
scribed now by a simple rule of mixtures in case of the use of
its real parameters, instead of the nominal ones. We should
point out, that the proposed interpretation, unlike the micro-
mechanical models, does not apply the nominal values of the
modulus of elasticity and the degree of anisotropy (for CNT
and GO) of the nanofiller.

As is known [5, 9], the anisotropic nanofillers (carbon na-
notubes and fibers, 2D nanofillers) ensure a much more effec-
tive reinforcement (higher degree of reinforcement of E,/E,)
in case of the elastomeric matrixes in comparison with the
glassy ones. Generally, the effect is explained by a much
smaller modulus of elasticity of the elastomer in comparison
with the glassy polymers [5, 9]. The authors [5] used the for-
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mula of Witten, Rubinstein and Colby for the aggregates of
the dispersed particles [10]:

4
r
E =F NT{ CNTJ , (6)
agr C RCNT
where Eagr and E -y — moduli of elasticity of CNT aggre-

gates in a polymer matrix and separate nanotubes, accord-
ingly, royr — radius of CNT, Ry — radius of a CNT ag-
gregate.

For explanation of the above mentioned effect the authors
[5] assumed, that an increase of R 7 in the course of ag-
gregation of CNT leads to an essential decrease of E,,. ac-
cording to formula (6) and to a corresponding decrease of the
reinforcing ability of the CNT aggregates. This assumption is
based on two false messages. First, reinforcement of aggrega-
tion of CNT is accompanied not by an increase of Ry, but
by its reduction [11]. Secondly, CNT aggregates are sur-
rounded by a polymer matrix and are connected with it by
strong adhesive bonds [12], therefore, it is impossible to con-
sider the deformation of these components of the nanocom-
posite and, hence, their moduli of elasticity, separately. The
more rigid is the polymer matrix surrounding a CNT aggre-
gate, the less is the deformation of the matrix-aggregate CNT
set and the higher is the model of elasticity of the latter. Fig. 7
presents the dependence of the module of elasticity of the na-
nofiller E,,,, defined by the data of fig. 1, 3 and 5 and equa-
tion (1), on the square of the modulus of elasticity of the ma-
trix polymer E,, (such a form of dependence of E,,, on E,,
was chosen for the purpose of linearization for the represent-
atives of three basic classes of the polymer nanocomposites,
considered in the present work, and the nanocomposite pol-
yvinyl alcohol/carbon nanotubes by data [4]). As it is possible
to see, this dependence is linear and is described by a simple
empirical equation (for the glassy matrix polymers):

E,n=2E,. )

For the nanocomposites with the elastomeric matrix the
dependence £, ,,(E,,) appeared to be less pronounced:

Eypn = 49.2E,,. )

Thus, from the equations (5), (7) and (8) it follows, that
the elasticity modulus of the nanocomposites of all the con-
sidered classes is defined only by two parameters: the modulus
of elasticity of the matrix polymer and the content of the na-
nofiller. Nevertheless, as it follows from the equations (7) and
(8), an unequivocal functional bond between E,,, and E,
does not exist, which complicates the problem of description

of the value of E, with the use of parameters of £, and ¢,,.

Conclusion

The results of the present work demonstrated, that the mod-
ule of elasticity of the polymer nanocomposites of three basic
classes (particulate-filled nanocomposites, polymer/carbon
nanotubes and polymer/2D nanofiller) can be correctly de-
scribed within the framework of the rule of mixtures in its in-
itial and simplest form. Such a result is achieved, if in this in-
terpretation not the nominal, but the real characteristics of
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the structural components of the nanocomposites are used.
The elasticity modulus of the nanofiller in the polymer matrix
of the nanocomposite is a strong (square-law) function of the
modulus of elasticity of the matrix polymer for the glassy ma-
trixes and weaker (linear) function — for the elastomeric
ones. The proposed interpretation does not take into account
neither the modulus of elasticity of the initial particles of the
nanofiller, nor the degree of their anisotropy. The rule of mix-
tures (equation (5)) gives the top limit of the modulus of elas-
ticity of the nanocomposites, determined by a series transfer
of the mechanical pressure applied to the sample from the
matrix to the nanofiller. In case of the considered nanocom-
posites, achievement of this limit means that the further in-
crease of the module of elasticity of the nanocomposites can
be realized due to improvement of the structure of the nano-
filler in a polymer matrix and corresponding increase of its
modulus of elasticity.
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CBOMCTBA MEXAHUYECKU AUMCMNEPTUPOBAHHbIX
AO HAHOPA3MEPHOT O COCTOAHNA MOHOKPUCTAAAOB

MOAYMPOBOAHUKOB A;B

Ilocmynuna ¢ pedaxyuro 23.03.2018

Paspaboman memoo mexanuueckoeo cyOGMUKPOMEMPOGOO OUCHepPUPOBAHUA MOHOKPUCMANN08 NOAYNPOBOOHUK0E A3Bs
(GaAs, InAs, InSb) 6 naanemaprou uiaposoii meavHuye. Pazmepsl noayuennvix yacmuy onpedensiu memooom OUHAMUHECK020 Pac-
CesiHUA ceema, U nocae ceOUMeHMAuUOHH020 pazoeneHus OHU UMeau pasopoc om doaell Mukpomempa 0o decsimu HaHomempos. Mn-
JceKyUsl 2NeKMPOHO8 8 YACIMUYAX 8 CPABHEHUU C UHMICeKYUel 8 3ePHAX NOBEPXHOCMU MOHOKDUCMAAAA YKA3bieaem HA OAU30Cmb
CMPYKMYPHO20 COBEPUICHCMEA YACMUY, U UCXOOHBIX MOHOKPUCMANN0E.

Karouegvte crosa: noaynpoeodnuxu A3zBs, Monokpucmana, oucnepauposanie, Myabmu3epeHHas CmpyKmypa, UHHCeKUUs 1eK-

mpoHo8

Benenne

HayuHblit ¥ TIpakTUYEeCKUII MHTEPEC K ITOIYIIPOBO/I-
HUKOBBIM MOPOIIKOBBIM CYOMUKPOMETPOBBIM CTPYK-
TypaM HOCTOsIHHO Bo3pacTaeT [1—3]. OcobeHHO Bax-
HBIMU TIPU 3TOM SIBJISIFOTCS MCCJIEIOBAaHUS COCIUHE-
Huii A;Bs, MMerowunx camblil LIMPOKMI Auana3oH
(bu3uyecKux CBOMCTB W IO3BOJISIIOUIMX CO31aBaTh
MPaKTUYECKU BCE M3BECTHbBIE TUIIbI MOJTYITPOBOJIHUKO-
BbIX IprOOpoB. Hanuune B y3KO30HHBIX ITOJYIPOBO/I-
HUKax A;Bs TakuXx CBOWMCTB, KaK 3KCTPEMaJIbHO BbI-
COKME 3Hauy€HUs TOJABUXHOCTU W MaJible 3HAUYEHMS
3(P@EeKTUBHON MacChl 3JEKTPOHOB, JEJalOT WX IepCc-
MEKTUBHBIMU JJISI KBAaHTOBOPA3MEPHBIX CTPYKTYp, B
YaCTHOCTH, Ha OCHOBE KBAHTOBOPAa3MEPHBIX YaCTHUIL
(KBaHTOBBIX TOYEK).

CosznaHue METOJ0B U3TOTOBJIEHUS MOTYITPOBOAHM-
KOBBIX CyOMUKPOMETPOBBIX YacCTUI[ — COBpEeMeHHas
BaxkHas Tpobsiema, pellleHWe KOTOPOW HaXOMUTCS B
HavaibHOU ctaguu [4]. IToayyeHue moayrnpoBOAHUKO-
BbIX CO€AMHEHMI Tuna A;Bs MpAMBIM XUMUUYECKUM
CUHTE30M YPE3BbIYAHO 3aTPYAHEHO, 8 AHTUMOHU/IOB,
MMO-BUAMMOMY, HEBO3MOXHO. [lo3TomMy OOBIYHO HX
CUHTE3 OCYILECTBJSIETCS M0 MeTony HOoXpajlbCcKOro —
BBITSITMBAaHMEM U3 pacijiaBa IIUXThl CO CTEXUOMETPU-
YECKUM COIEPXKaHUEM KOMITOHEHTOB A3 1 Bs. Takxe
BO3MOKHO ITpuMeHeHue MeTona bpumkmena [5].

Hanuuue TBepmoro cimTKa NMpeanosiaraet nepeBoj
ero B TIOPOIIKM C JajbHeilIeil nmx Moaudukauuei
METOaMU XMMUUYECKOTO TpaBJE€HUS U TMOCIETyIOLINX
MPOIIECCOB HapalluBaHUs, CUJIAHW3allMK, CTaOuIn3a-

uuu U T. 1. [6]. [Ipu 3TOM BaxkHeilIei cTagueit siBsi-
€TCSI MeXaHN4YeCcKoe (MEeXaHOXMMHUYECKOE ) AUCIIEPIUPO-
BaHUe, OTpeaesisiollee TaKhue CBOMCTBA CyOMUKPOMET-
POBBIX YacTHIl, KaK ¢opMa M pa3Mepbl, CTPYKTYpHOE
COBEPILIEHCTBO, aKTUBHOCTb MOBEPXHOCTHU, MPOCTPaH-
CTBEHHBIE U YHEPrETUYECKUE CBOCTBA HOCUTEJIEH 3a-
psima v ap.

ITpu 5TOM HagO OTMETUTD, UTO B HACTOSIIIEE BPEMSI
MEXaHOXMMMSI KaK MPOIeCC U3METbUYCHUsI TTOPOIIKOB
B OoJibllIeli Mepe HaIlpaBjieH Ha COBEPIIEHCTBOBaHUE
000pyIOBaHMS B YaCTH MOBBIIIEHUSI CKOPOCTEH TTIOMO-
Jla, yMEeHbIIIEHUsI pa3Mepa JMCIeprupoBaHHbIX 00pa3-
LIOB BIUIOTH JO HaHOpa3MepoB [2, 7], a B coYeTaHUU C
MPEeUU3NOHHBIM aHAJIM30M I'PaHYJIOMETPUUECKOTO CO-
CTaBa U MOBEPXHOCTU MOPOIIKOB [8, 9] nenaeT TexHo-
JIOTHIO TIOMOJIa Ype3BblYaiiHO NepcreKTUBHOM. MHBI-
MU CJIOBaMM, Pa3BMBAETCSI HOBOE HalpaBlieHUE MeXa-
HOXUMHUM — XMMMUSI BBICOKOIHEPIeTUYECKOro MomMosa
[10, 11]. Bce 3TO pacimmpsieT CIEKTp NpUMEHSIEMBIX
MaTepuajioB, B TOM YMCJIE IJIS1 HYX]I MUKPO3JIEKTPO-
HUKU, HAMpUMep s CUHTe3a 3JeKTPOCTPUKIIMOH-
HOW U TMbe30KepaMUKU, MOAU(DUKALIMK MOPOILIKOB
HAHOMETAJIJIOB U UX OKCUIOB. OOBIYHO LIETbIO TOMOJIA
SIBJISIETCSl JOCTUXKEHUE OMNpeaeJeHHbIX (MU3NUYECKUX
XapaKTEepPUCTUK IMOPOIIKA, 8 UMEHHO pa3Mepa 4acTu-
1Ibl ¥ pacrpeneseHus] YacTUlL 10 pa3Mepy.

HMccnegoBaHusi 3TUX MPOLIECCOB U MPOSIBICHUN B
JMCHEePIrUPOBaHHBIX MOHOKPUCTALIMYECKUX MOJYIPO-
BoAHMKaX A;Bs — GaAs, InAs, InSb u aBunuch 3ana-
yell JaHHOW padOTHI.
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WN3meabueHne B MIAHETAPHOM IAPOBOH MeJIbHMIIE

W3 o0mux mojioXeHuit MexaHoxuMmum |[12—14]
MU3BECTHO, YTO MPOLIECC MEXaHUYECKOTO U3METbYEHUST
3aBUCUT OT YacCTOThl BpallleHWS Pa3MOJIbHBIX CTaKa-
HOB, TIPUPOIBI, pa3MepOB pa3MOJLHEIX IIApOB M WC-
XOIHOro o0pabaThIBa€MOI0 Marepuaja, OT KOJIUYeCT-
BEHHOTO COOTHOIIECHUS M3MEIb4acMOTo MaTepHuana,
LIApOB, a P MOKPOM ITOMOJIE — KUJIKOCTU, HATIPU-
Mep BOJBbI.

B nanHoii paboTe uCHOJIb30BAIM IUIAHETAPHYIO
mapoByto MeabHuILy Pulverisette 7 (Fritsch, I'epmanust)
[15], KOHCTpyKILIMS KOTOPO# Moapa3yMeBaeT BbICOKO-
SHEPreTUYECKUN MeTOA U3METbYSHUS.

Pa3MonbHBIE CTaKaHbI ¢ U3MEJIBYAEMbIM MaTepua-
JIOM M 1llIapaMM B MeJIbHUILIE 3TOTO TUIIA BpPalalOTCs
BOKpPYT 0OIIleil ocH W B TIPOTUBOITOJIOXHYIO CTOPOHY
BOKPYT cOOCTBEHHBIX oceil. IIpu 3ToM 1aphl mepe-
CEeKaloT CTaKaH 10 AUaroOHalM W U3MEJTbhUaloT MaTe-
pHaj Kak IpU CTOJIKHOBEHUU M3MEJbUaeMOro Marte-
pHaia co CTeHKaMM pa3MOJIbHBIX CTaKaHOB, TaK W B
3a30pax MeXIy CONMPUKACAIOIIMMUCS MTOBEPXHOCTIMU
pa3MOJIbHBIX 1IapoB. YacToTa BpalleHuUs TJIaHeTapHO-
TO IMCKa JAaHHON METbHUIIEI U3MEHSIETCS B TUara3oHe
100...1100 o6/MuH, TIpU 3TOM pa3BUBAETCS LICHTPO-
OexxHoe yckopeHue ot 9 mo 95 g.

M3MmenbueHue OCYILIECTBISJIOCh B TpU 3Tamna IMpU
4yacToTe BpallleHUs pa3MOJIbHBIX CTaKaHOB 450 00/MUH.
[TponomKUTEeNbHOCTh MMOMOJIA HAa KaXIOM 3Talle Co-
crapisina 10 4. B kayecTBe MemolIMX TeJl ObLIM UC-
MOJIb30BaHbI 1IAaphl U3 KapOuaa Boibdpama ¢ JuaMeT-
pamMm 10, 51 1 mm Ha 1, 2 1 3-M 3Tamax COOTBETCT-
BEHHO.

HUccaenoBanue moiy4eHHbIX MOPOLIKOB

KoHTposb rpaHyOMeTpHUUYECKOro cocTaBa MpoOBO-
IWTA METOIOM IWHAMWYECKOTO pacCesTHUs CBeTa Ha
npubope Zetasizer Nano (Malvern, BeaukoOpuraHus).
Pe3ynbTaThl rpaHyJIOMETPUUYECKOTO aHAIN3a MOIYyYEH-
HBIX MOJUAVCIIEPCHBIX MTOPOIIKOB MaTepHaIOB MpPe-
CTaBJicHBI TpapyecKu B Buae (PYHKIUI pacripenese-
Hug (puc. 1) u Tabauubl. YacTuiipl mocjie ceauMeH-
TallMOHHOTO pa3feeHUs] UMEIU pa3Mepbl OT AECIThIX
nojeir MmukpomMerpa a0 10 Hwm.

ITapameTpbl ceIMMEHTHPOBAHHBIX YACTHIL HOJYNPOBOJHAKOB A3zBS
Parameters of the sediment particles of 11I—V semiconductors

Cpentee 3Ha-| Ortkiaonenne | OTHOLIGHME MUTO-
YyeHue pasMe-| OT CPeJHEro anu rmosepx-
Marepuan | pa yacTull, pasmepa, Mkm | HOCTH YaCTUIl K
Material MKM Deviation from | nx oobemy, MM
Average parti- the average Surface/volume
cles size, pm size, mm ratio, pm !
GaAs 0.22 0.14 27.3
InAs 0.23 0.10 26.1
InSb 0.37 0.26 8.20
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Jons yactuu, oTH. e
Particles quantity, a.u.

0,0 0,4 0,8 1,2
Pasmep vyactuy, MKM
Particles size, um

Puc. 1. Pacnpenenenue no pasMepamM ceIMMEHTHPOBAHHBIX YACTHIL
NOJIYNPOBOIHUKOB A3Bs

Fig. 1. Distribution of the sediment particles of 11—V semiconductors
by sizes

CTpyKTypHO-(U3NIECKIE CBOMCTBA UCCIEIOBAIN B
MynbTu3epeHHbIX cliosgx (M3C), mojlydueHHBIX 3JIEKT-
podopeTHIeCKUM OCaXXIeHUEM YaCTHULl HA U30JIUPYIO-
LK€ WY MPOBOISIIME TTOMJIOXKH.

®opma, pasMmepsl, pacronoxkeHne gactuilr B M3C
KOHTPOJMPOBAIM METOJAMU CKaHUPYIOIIEH 2JEKTPOH-
Hoit (COM), atToMHO-cHIOBOI U TyHHebHOI (CTM)
MMKPOCKOITHH.

Ha puc. 2 u 3 (cM. TpeTblo CTOPOHY O0JIOXKKU) Mpe-
crapieHbl TUIMYHble COM- u CTM-u3zobpaxeHust
noBepxHocTu M3C, U3 KOTOPHIX MOXHO OIpeaeIuTh
dbopmy u pacnonoxeHue yactuil. Popma 4yacTUil HO-
CUJIa MOJIMTOHANIbHBIN U MUPaMUIaTIbHO-MOJIUTOHATb-
HBII XapaKTep M 3aBHMCeJIa OT TUIla 00padaThIBAEMOTO
BelecTBa. Pa3oBBIN U CTPYKTYPHBII COCTAB MCCIIENO-
BaJId TI0 METOAMKAM PEHTTEHOBCKOTO (ha30BOTO aHa-
Jnm3a Ha nudpaktomerpe JIPOH-4 ¢ ucnonbzoBaHuem
PEHTIEHOBCKOM TpYOKM ¢ MeaHbM aHomoM (Cu-K ).
Hnst aHanus3a gudpakTorpaMM MCHOJIb30BalM 0a3y
manaeix PCPDFWIN MexnynapogHoro LlenTpa 1o
audpakumonHeiM gaHHbEIM (JCPDS, v. 2.02, 1999).
B mnpenenax morpeimrHocTH U3MEpPEHUId, COCTaBJsIIO-
et MeHee 1 %, (a3oBblil cocTaB, KPUCTA/UIMYECKAS
CTPYKTYpa 1 BIYMCICHHBIE MEXKILJIOCKOCTHbIE PACCTO-
SIHUSI TIOPOIIKOBBIX 00Pa3ll0B COBNAAAIOT C JaHHBIMU
KaproTeku s GaAs.

MexaHu3M H3MeNbYeHUs

B 1mpouecce MexaHMYECKOrO HM3MEIbYEHUS B
KpUCTaJIax MOTyT 00pPa30BbIBAThCS MUKPOTPEIIUHBI,
pasaMYHOro pojia CTaOuJbHbIE M MeTacTaOUJIbHbIE
nedeKThl, TPOUCXOAUTh MPOLIECChl MaccoIlepeHoca 1
rnepepacnpene/icHusI M30bLITOYHOM ITOBEPXHOCTHOM
sHepruu. [1pouecc MexaHMYECKOIro AUCIIEPrupOBaHUS
KPUCTAJJIOB 3aBUCUT OT UX CBOMCTB — TBEPAOCTH, YII-
PYTOCTU, TEKY4YECTH, IIPOYHOCTU — U IIPOUCXOIUT MO
crneunudUIecKUM MUKPOPa3MEPHBIM 3aKOHAM.




Kiaccnyeckuii 3akoH Xosuia — Iletua (rpsimoin —
Hall—Petch effect u ooparnsiit — inverse Hall—Petch
effect [14, 16]) ¢ mOCTAaTOYHOI TOYHOCTHIO OMMCHIBAET
COOTHOIIIEHUE MEXIy IpeaeJoM TeKy4yeCcTU U pa3me-
POM MOJMKPUCTAIIIMYECKOTO 3epHA B UX MUKPOMET-
poBoM nuanaszoHe. I1pyu yMeHblIEeHUU pa3MepoB 3epeH
J0 >50 HM JaHHbBIN 3aKOH B OOJIbLIEH CTEIEHU He-
npuemieM [16—18]. B ocHoBe 00bsICHEHUSI JAHHOTO
adbdeKTa JeXUT MPEearoNokeHue 0 CMEHe MeXaHu3Ma
mwiactuyeckou aepopmauuu. CleacTBUEM 3TOTO SIB-
JISIETCS CYLIECTBOBAaHUE HEKOTOPOTO0 MUHUMAaJIbHOIO
pasMepa JacTWIl, KOTOPHEIA MOXET OBITh JOCTUTHYT
MpU MexaHuyeckom pasmose [19, 20].

[IpakTyeckoe OTHOILIEHUWE YKa3aHHBIX 3aKOHO-
MEpHOCTEM TSI HAIleTO ClIydas 3aKJII04aeTcs B TOM,
YTO B YaCTHUILIAX C MPEAeJbHO MaJbIMU IJII KOHKPET-
HBIX YCJIOBUI MX MOJYYEHMST pa3MepaMMu MOXXHO OXU-
JaTb COXPaHEHMS KPHCTAUIMYECKOTO COBEpIIECHCTBA
HUCXOJIHOIO MOHOKpHUCTAJLIA.

HN3mepenue BAX obpasuos

B xauecTBe u3Myeckoro CBOWCTBA KOHTPOJS
CTPYKTYPHOTO COBEpILEHCTBA YacTUll B paboTe ObLI
HCIOJIb30BaH METON MCCIEIOBAHUSI MHXEKILIMU DJIeK-
TPOHOB B 3¢pHA IO BOJLT-aMIIEPHON XapaKTepUCTHKE
(BAX) [3]. BAX uccnemoBaiy Ha TYHHEJIbHOM MMK-
pockone Nanoeducator-I Ha OTHENbHBIX YacTHUIIAX
M3C Bcex BapuaHTOB IIOJYIIPOBOAHUKOB. [I1st moy-
YEHMST XapaKTepUCTUK WHXKEKIIMU MPOBOAMIMCH W3-
MepeHus B aBTomatudyeckom pexume (10...15) BAX
Ha TOYKY B HECKOJIbKMX TOUKaX-4acTULIaX MOBEPXHOC-
™ M3C. ITo BOCIpOU3BOAMMOCTH PE3yJIbTaTOB U3MeE-
peHMIA OTOMPATY TOYKH YCTOMUMBOM XapaKTepUCTUKH,
MOCJIe YeTo TPOBOIWIIA YCPETHEHUS] BOCIIPOU3BOIM-
Mbix BAX.

Tok, A
Current, A
ﬁ
&

1E‘9 L] lllllll'llllllll

1 2 3
Hanpsixenne, B
Voltage, V

Puc. 4. Tunuunsie BAX wmxkekuuum 3jneKkTpoHoB B 3epHa M3C:
1, I* — InSb; 2, 2* — GaAs; 3 — InAs

Fig. 4. Typical VAC injections of electrons into MGL grains: 1, 1% —
InSb; 2, 2* — GaAs; 3 — InAs

BAX MHXEKIIMU UMETM BUI CTETIEHHOW 3aBUCU-
MoctH (puc. 4) g/ = mlgV + Igl, c mokasarenem cre-
neHu m, paBHbIM OT ~(0,8...1,5) a5 0Opa3LoB caMoro
y3ko3oHHOro InSb (kpusas /) go ~(4,0...5,5) — nas
camoro mupoko3oHHoro GaAs (kpusas 2). @usnuec-
Kasli MOJeJib Ipoliecca uccieqoBaHa B padore [3] mis
3epeH MOBEPXHOCTU MOHOKPHUCTAJIA MOJYyIPOBOIHU-
koB GaAs, InAs, InSb; B Moaenu ycraHOBJIEHaA 3aBU-
cumoctb BAX oT psina mapaMeTpoB, B TOM YMCJIE€ OT
HOABMXKHOCTUA U AU(PPY3MOHHON IJIMHBI JIEKTPOHOB.

Ha puc. 4 nnsa cpaBHeHus npuBeneHbl BAX, name-
pPeHHbIE Ha 3epHaX MOBEPXHOCTU MOHOKPHUCTAILJIOB, —
KpuBble [* n 2*. OTMedasl yIOBJIETBOPUTEIHLHOE COB-
nageHue noBeaeHuss BAX mHXeKUUU IJIs 3epeH T10-
BEPXHOCTU MOHOKpUcTa/uioB 1 yactu, M3C, MOXHO
yTBEpPKAaTh, YTO KAaYECTBEHHO SIBISIOTCS OJIU3KUMU
TaKMe CBOMCTBA, KaK MOABUXHOCTb U KO3(PPuUIIMeHT
IUddy3un 2JIEKTPOHOB, 3aBUCIIME B CUJIBHOM CTelle-
HU OT CBOMCTB CTPYKTYpPhI MoJIynipoBoAHUKa. M3 aToro
MOXHO 3aKJIOYUTD, YTO TOJYyIeHHBIE CYOMUKPOHHBIC
CeIVMEHTUPOBAaHHbIE ¢ MUHMMAaJbHBIMU pa3Mepamu
YaCTULIbI ITOJIYIPOBOAHUKOB A3Bs GIM3KM 110 CBOEMY
CTPYKTYPHOMY COBEPILIEHCTBY K HMCXOIHBIM MOHO-
Kpuctaiam [3].

3akmoueHue

B pabore wuccnegoBanbi BAX mnpoBoauMocTH B
MyJabTU3epeHHbIX closx (M3C) cyOMUKpPOHHBIX 4Yac-
TULL TOJIYIIPOBOAHUKOB A3;Bs. Hanowyactuisr u M3C
OBLTM M3TOTOBJICHBI TI0 PACCMOTPEHHON BBIIIE METO-
nuke. JletanbHblil aHaau3 BAX Mo3BOIMI yCTAHOBUTD,
YTO MX TIOBEJEHNE OIpeaessieTCs] MeXaHU3MOM MeX-
3€pEHHOM TYHHEJIIbHOW 5MUCCUU U3 IPUIIOBEPXHOCT-
HBIX 3JIEKTPOHHBIX COCTOSIHUIM CYOMUKPOHHbBIX YaCTHII.
YcranosieHo, uro M3C, nojydeHHbIe JaHHBIM METO-
JIOM, MOTYT OBITb McCIOJIb30BaHbl B MK -u3znyuarensix,
ra3oBbIX U ONTUYECKUX CEHCOpaX.

Hccaedosanue evinoaneno npu @uHancosol nodoep-
acke PODU ¢ pamiax nayurnoeo npoekma 17-07-00407-a.
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Dispersing of single crystals of III—V semiconductors (GaAs, InAs, InSbh) to submicron size was carried out using a planetary
ball mill. Sizes of the particles were measured by dynamic light scattering. After sedimentation size of the particles lay in range from
[fractions of a micrometer to ten nanometers. Using the tunneling microscope, the current-voltage characteristics of electron injection
were investigated. It is shown that the characteristics for particles obtained by milling and for single crystal grains are identical. That
indicating what the perfection of structure of the particles and of initial single crystals is close. Submicron semiconductor structures
obtained by the developed method can be used in IR emitters, gas and optical sensors.
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Introduction allow us to develop practically all the known types of the
semi-conductor devices. Such properties of the narrow-band-

gap III—V semiconductors (A3Bs), as extremely high mobil-

Scientific and practical interest to the semi-conductor
powder submicrometer structures is growing constantly [1—3].

At that, of special importance is the research of A;B5 com-
pounds, which have a wide range of physical properties and
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ity and small effective masses of the electrons, make them
promising for the quantum-dimensional structures, on the ba-




sis of the quantum-dimensional particles (quantum points), in
particular.

Development of the methods for manufacturing of the
semi-conductor submicrometer particles is an important
problem, a solution to which is still in its initial stage [4]. Ob-
taining of the semi-conductor compounds of A;Bs type by a
direct chemical synthesis is extremely complicated, and of the
antimonides, apparently, is impossible. Therefore, usually
their synthesis is carried out by Chokhralsky method — by
pulling-out from a melt of charge with a stoichiometric con-
tent of Ay and B components. Also application of the Bridge-
man method [5] is possible.

Presence of a solid ingot assumes its transfer into the pow-
ders with their further modification by the methods of chem-
ical etching and the subsequent processes of escalation, silan-
ization, stabilization, etc. [6]. At that, the most important
stage is mechanical (mechanical-chemical) dispersion, deter-
mining such properties of the submicrometer particles, as the
forms and the sizes, structural perfection, surface activity,
spatial and power properties of the charge carriers, etc.

At that, it is necessary to point out, that the mechano-
chemistry as a process of milling of the powders, to a great de-
gree, is directed to improvement of the equipment regarding
an increase of the speeds of milling, reduction of the size of
the dispersed samples down to the nanosizes [2, 7], and in a
combination with the precision analysis of the granulometric
composition and the surface of powders [8, 9] it makes the
grinding technology extremely promising. In other words, we
witness development of a new direction in mechanochem-
istry — chemistry of a high-energy grinding [10, 11]. All this
expands the spectrum of the applied materials, including for
the needs of the microelectronics, for example, for synthesis
of the electrostrictive and piezoceramics, modification of the
powders of the nanometals and their oxides. Usually, the pur-
pose of grinding is achievement of certain physical character-
istics of a powder, namely, the size of a particle and distri-
bution of the particles by size.

Research of these processes and phenomena in the dis-
persed monocrystal 11—V semiconductors — GaAs, InAs,
InSb is the task of the given work.

Grinding in a planetary ball mill

From general provisions of the mechanochemistry [12—14]
it is known, that the process of the mechanical grinding de-
pends on the frequency of rotation of the grinding bowl, the
nature and sizes of the grinding balls and the charging feed,
on the quantitative correlation of the sample material, grind-
ing balls, and in case of a wet grinding — liquids, water, for
example.

In this work Pulverisette 7 (Fritsch, Germany) planetary
ball mill was used [15], the design of which envisages a high-
energy method of grinding.

The grinding bowls with the sample material and balls in
the mill of this type rotate round the common axis and in the
opposite direction round its own axes. At that, the balls cross
the bowl by a diagonal and grind the material as a result of im-
pact of the sample material with the walls of the bowl, and al-
so in the gaps between the contacting surfaces of the grinding
balls. The rotational speed of the main disk of the mill varies
within the range of 100...1100 rpm, at that, the centrifugal ac-
celeration is reaches from 9 up to 95 g.

Grinding was carried out in three stages with the rotation-
al speed of the grinding bowls of 450 rpm. Duration of grind-
ing at each stage was 10 h. The grinding bodies were tungsten
carbide balls with diameters of 10, 5 and 1 mm at the 1%, 2d
and 3d stages accordingly.

Investigation of the received powders

The control of the granulometric composition was done
by the method of the dynamic light scattering on Zetasizer
Nano device (Malvern, Great Britain). The results of the
granulometric analysis of the received polydispersed powders
of the materials are presented graphically in the form of the
distribution functions (fig. 1) and tables. After the sedimen-
tation-partition the particles had the sizes from the tenths of
fractions of a micrometer down to 10 nm.

The structural-physical properties were investigated in the
multigrain layers (MGL), received by the electrophoretic pre-
cipitation of the particles on the insulating or conducting sub-
strates.

The forms, the sizes, the arrangement of the particles in
MGL were controlled by the methods of the scanning elec-
tronic (SEM), atomic-force (AFM) and scanning tunnel
(CTM) microscopies.

Fig. 2 and 3 (see the 3" gide of cover) present typical SEM
and STM images of the MGL surface, from which it is pos-
sible to define the form and arrangement of the particles. The
form of the particles had a polygonal and pyramidal-polygonal
character and depended on the type of the processed substance.
The phase and structural compositions were investigated by the
techniques of the x-ray phase analysis on DRON-4 diffractom-
eter with the use of an x-ray tube with a copper anode (Cu-K,).
For analysis of the diffraction patterns, PCPDFWIN data base
of the International Center for Diffraction Data was used
(JCPDS v. 2.02, 1999). Within the error of measurements
constituting less than 1 %, the phase composition, the crystal
structure and the calculated interplane distances of the pow-
der samples coincide with the data of the card file for GaAs.

The grinding mechanism

In the course of the mechanical grinding in crystals, the
microcracks can be formed, as well as various sorts of stable
and metastable defects, and the mass-transfer and redistribu-
tion processes of the superfluous surface energy may occur.
The process of the mechanical dispersion of crystals depends
on their properties — hardness, elasticity, fluidity, strength,
and it goes on in accordance with the specific micro-size laws.

The classical direct Hall—Petch effect and the inverse
Hall-Petch effect [14, 16]) describe rather accurately the cor-
relation between the yield strength and the size of a polycrys-
talline grain in their micrometer range. If the grain size is re-
duced down to >50 nm, the given effect, to a great degree, is
inapplicable [16—18]. At the heart of the explanation of the
given effect is an assumption of a variation of the mechanism
of the plastic deformation. A consequence of it is the exist-
ence of a certain minimal size of particles, which can be
reached due to a mechanical grinding [19, 20].

A practical relation of the above effect to our case is in the
fact that in the particles with the sizes, extremely small for the
concrete conditions of their obtaining, we can expect preser-
vation of the crystalline perfection of the initial single crystal.
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Measurement of samples voltage-ampere characteristics

For control of the physical properties of the structural per-
fection of the particles in this work the method of research of
injection of the electrons into the grains by the volt-ampere
characteristic (VAC) [3] was used. VAC was investigated on
Nanoeducator-1 tunnel microscope on single MGL particles
of all variants of the semiconductors. For reception of the in-
jection characteristics the measurements were done in an au-
tomatic mode (10...15) of VAC on a point in several points-
particles of the MGL surface. By reproducibility of the results
of the measurements the points of steady characteristics were
selected, and then the averaging of the reproduced VAC was
done.

VAC of injections looked like a power dependence (fig. 4)
lgl = mlgV + lgl, with an exponent m, from ~(0.8...1.5) for
the samples of the most narrow-band-gap InSb (curve 1) up
to ~(4.0...5.5) — for most wide-band-gap GaAs (curve 2).
The physical model of the process was investigated in [3] for
the grains of the surface of a single crystal of the semicon-
ductors of GaAs, InAs, InSb, and in the model, the depend-
ence of VAC on a number of parameters, including the mo-
bility and the diffusion lengths of the electrons, was estab-
lished.

For comparison reasons fig. 4 presents VAC measured on
the surface of the single crystals — curve I* and curve 2*.
Noting a satisfactory coincidence of the behavior of VAC of
the injections for the grains of the surface of the single crystals
and MGL particles, it is possible to assert that such properties
as the mobility and diffusion coefficient of the electrons,
which to a strong degree depend on the semiconductor struc-
ture, are qualitatively close. From this it is possible to con-
clude, that the received submicronic sediment particles of I11-
V semiconductors with the minimal sizes are close by their
structural perfection to the initial single crystals [3].

Conclusion

In the work, VAC of conductivity in the multigrain layers
(MGL) of the submicronic particles of I1I-V semiconductors
were investigated. The nanoparticles and MGL were manu-
factured by the technique considered above. A detailed analy-
sis of VAC allowed us to establish, that their behavior was de-
termined by the mechanism of the intergranular tunnel emis-
sion from the near-surface electronic states of the submicron-
ic particles. It was established, that MGL, received by the
given method, could be used in IR emitters, gas and optical
Sensors.

The reported study was funded by RFBR according to the re-
search project No 17-07-00407-a.
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AOT'NMYECKUE BEHTUAU HA ABYX3ATBOPHbIX
KHN KMOIT-HAHOTPAH3NUCTOPAX C HEPABHOMEPHO

AETUPOBAHHbIM KAHAAOM
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Obcyacoaromes 60npocsl CUHME3A XAPAKMEPUCMUK N02UMECKUX 8eHMUACH, BbINOAHEHHbIX HA CUMMEMPUYHBIX 08YX3AMBOPHbIX
KHU KMOII-nanompan3ucmopax ¢ HepagHoOMepHO 1e2UPOBAHHbIM KAHAAOM, 6 OUana3oHe HanpsaxiceHus numanus meree 1 B.
Hcnoav3yemcesa cmyneHuamoill apuaHm Aecupo8anUs KAHAAA (cuumas om ucmoka) — BbiCOKO0AeSUPOBAHHAS U HU3KO0AeeUPOBAH-
Has obaacmu. Ha ocnoge anasumuueckou modeau pacnpedeneHuss NOMeHYyuaia @ pabouei 001acmu mpaH3ucmopa GoluUCAAIOMCS
8016M-AMHNEPHbIe XAPAKMePUCMUKY MPAH3UCMopos U OUHamu4eckKue XapaKkmepucmuky 6enmusiell.

Karoueevie caoea: mexnonoeus "kpemuuil Ha uzoaamope”, cummempuunsiii dgyxzameophoiti KHU KM OIl-nanompan3zucmop,
HePaBHOMEPHO Ne2UPOBAHHBII KAHAN, N02UMECKUT BEHMUNb, HUKAS NOMPEOASeMas MOWHOCMb

BBenenne

HByx3atBopHble KMOII-TpaH3UCTOPBI CO CTPYKTY-
poit KHU ("kpeMHuit Ha uzonsgtope") 1o mpaBy OTHO-
CAT K MEPCHEKTUBHBIM TMPEACTABUTENSIM 3JI€MEHTHOM
6a3bl LUdpoBbix MuKpocxeM [1—4]. Kak u3BecTHO,
KHM-TpaH3uCTOpHBIE CTPYKTYPhl XapaKTepU3YIOTCsI
VHUKAJIbHBIMU BO3MOXHOCTSIMU JIJISI MacllTabupoBa-
HUSI TOMOJOTMYECKUX MapaMeTpOB B HAHOPAa3MEPHOI
obnactu. Ilpu 3TOM OHM MpPEIOCTaBISIOT OOJBIIYIO
(yHKuMOHaNbHYI0 TMOKOCTh. OnHAKO Aaxe maHHas
apXUTEKTypa He CIOCOOHA PELIUTh OAHY U3 CAEPXKU-
BaIOIIUX MTPOOJIEM COBPEMEHHO MUKPO3JIEKTPOHUKH,
CBSI3aHHYIO C TOTAJIbHBIM MaclITaOMpPOBAHUEM TOIIO-
JIOTUU, — CHUKEHHUE OINepexXarolluMU TeMITaMy KOH-
LIEHTpallMM HOCUTEeJIe B KaHalle TpaH3ucTopa. Takas
TEHIEHIIMS KpaiiHe NeCTPYKTUBHO BJIMSIET KaK Ha ypo-
BEHb TOKOB OTAEJbHOIO0 TPAH3UCTOPA, TAK U Ha ObIC-
TPOAEUCTBUE MUKPOCXEMBI B 1iejioM [3, 5, 6]. B 06-
IIEM cllyyae alipoOMpOBaHHBIE METOIbLI MPEOIOJICHUS
JAHHOM MpoOJieMbl HATAJKWBAIOTCS Ha Iapa3uTHbIE
3 heKThl, KOTOPblE 0COOEHHO MPOSIBISIOTCS B HEMac-
IITA0MPYEMbIX CBOMCTBAX TPAH3MCTOPHBIX CTPYKTYP,
HampuMep B TOPOTrOBOM HaIpPSIKEHWUM, TTOATNOPOrOBOM
Toke [4, 7].

B Hacrosiieit pabote A1 pelieHuUs NPeaCTaBICH-
HOI1 MpoOJIeMbl aHATU3UPYETCS BO3MOXKXHOCTD UCTIONb-
3oBaHus nByx3aTBopHbIX KHW KMOII-Tpan3ucropos

C HEpaBHOMEPHO JIETUPOBAHHON paboyeii 00JIaCThIO.
PaccmarpuBaeTcsi acCMMMETPUYHBIN MPOMOJIbHBINA MPO-
(unb nerupoBaHus KaHaja (cuuTas OT MUCTOKA): BbI-
COKOJIETMPOBaHHAsl U HU3KOJETMpOBaHHAs 00JaCTH.
ITpermylecTBOM TaHHON KOHCTPYKIIMU SIBJISIETCS TO,
YTO OHA MO3BOJISIET KOMIIEHCHPOBAThb BIWSHHE 3(P-
(hekTa ropsuux HocuTese, roll-off moporoBoro Ha-
NPSKEHUST U APYTUX MAapa3sUTHBIX MEXaHU3MOB, BO3-
HUKAIOLIUX B OJHOPOIHO JIESTUPOBAHHBIX TPAH3UCTO-
pax [8—10]. Dnexrpodusznyeckre XxapakKTepUCTUKU
MPOTOTUIIOB TPAH3UCTOPOB BBIYMCIISIOTCS MIPU MTOMO-
1M aHAJMTUYECKOTO BbIPaXKEHUS AJIS1 pacIipeaeieHUs
MOoTeHIMaNa, CIeAYIONIero u3 peleHus 2D-ypaBHeHUS
ITyaccona. Ha ocHoBaHMM NAaHHOTO pacmpeneaeHust
MOTEHIIMAJa BBIYMCIISIOT BOJBT-aMIIEPHBIE M BOJIBT-
(apanHble XapaKTepUCTUKU TPAH3MCTOPOB U BPEMEH-
HBbIe WM MOIIHOCTHBIE XapaKTePUCTUKHN JOTUUECKUX
BeHTWIEH. OCcoOyI0 BaXKHOCTh UMEET aHAIU3 ONTUMAJIb-
HOTO BBEIOOpA TTapaMeTPOB TPAH3MCTOPOB IJIT CUHTE3a
XapaKTepUCTUK JIOTUYECKMX CXeM, B YACTHOCTHU 3aaep-
KKM U CBSI3aHHOM C HEI0 MOLIHOCTHU MEePEeKIIUYEHMUS,
MpU YCJIOBUM TMOHMKEHHOTO HAIPSKeHUS TTUTAHMSI.

1. Moaeab MPOTOTHNIA TPAH3UCTOPA

B paccmaTtpuBaemMoMm ciydyae paboudass o0JiacTh
MNpOTOTUIIA ABYX3aTBOpHOro cumMmeTrpuuyHoro KHU
KMOII-nanorpansucropa (puc. 1) cOCTOUT U3 ABYX
yacteil (/ 1 2) ¢ pa3HbIMU KOHLeHTpaluysamu [11, 12].
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Puc. 1. CrpykrypHasi cxema Tpansucropa: U, — HalpsDkeHHE Ha 3a-
TBOpax; U, — HampsoKeHWE CTOK/MCTOK (MJIM HANpsDKEHWE IUTa-
HUA); g, f, — TONIUMHA paboueil 06JacT U TOMIIMHA MOA3aTBOP-
HOTO IU3JIEKTPUKA COOTBETCTBEHHO

Fig. 1. Transistor block diagram: U, — gate voltage; Uy — drain/source
voltage (or supply voltage); tg, 1, — thickness of the working area and
thickness of the subgate dielectric, accordingly

an/I 9TOM BBINIOJHAIOTCA CICAYIOLINE YCIOBUA I10
TOIIOJIOTUN
L=1L + L,
L] = L2

1 KOHICHTPAaIUU JIETUPOBAHUA

N,

1

N,0<y<L,
{Nz,L2<ysL’

rae N; — KOHUEHTpauus JIerupoBaHusa obiactu [ ¢
IJIMHOM L{; N, — KOHLEHTpaLus JIernpoBaHus obac-
™™ 2 ¢ MHOH L,; L — jumHa paboyeii obiactu.

2. MuHAMH3AIHUSA KOPOTKOKAHAJIBHBIX 3()(eKTOB

B mutaHapHBIX TPaH3UCTOPHBIX CTPYKTYpax Xapak-
TepucTUYECKasl IJIMHA [ CYXXUT MHAMKATOPOM TIpO-
SIBICHUSI KOPOTKOKaHaJIbHBIX 3¢ dekToB (KKD) [13].
HaHHbIi mapamMeTp sABjsieTcsl GyHKILMEN TOJIMWH T1Ie-
HOK, (popMUPYIOILIUX pabouyl0 001acTh TPAaH3UCTOPA.
B nipenensHOM cityyae a5 mojiHoro rogasieHust KKO
JIOJDKHO OBITH BBITIOJIHEHO yciioBue L/[>> 1. Boipaxe-
HUE JUISI XapaKTepPUCTUYECKOU MIMHBI (hopMUpyeTCs
IIpu peleHnn ypaBHeHUs IlyaccoHa mist pacmpene-
JIeHUs TIoTeHUMania B padoyeil 06JacT KOHKPETHOM
KOHCTPYKILIMY TpaH3ucTopa. Haumydimm KoMmpomuc-
coM g muHumuszauuu KKB B maHHO# cTpyKType
Mpu GUKCUPOBAHHBIX 3HAYEHUSIX TOJIIMH TJIEHOK I, ¥
tg ABageTca ycnosue L/l > 2, KOTOpOe BIIOJIHE NPUEM-
JIEMO JUIST CXEMOTEXHMYECKUX IPIIOXKeHUil [14—16].
I[TpuMeHUTENHPHO K pacCMaTpMBaeMOil MOIEIN TpaH-
3ucTopa ypaBHeHue [lyaccoHa uMmeeT caeayroluii BUI:

2 2
Toxy) 4 doxy) — _qNAj(y)’ 0
8x2 ayz &g
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rae ¢(x, y) — noreHuuMan B paboueit 061acT TpaH3UC-
TOpa; g — 3apsl JJEKTPOHA; €¢ — AUBIIEKTPUUECKAS
MPOHUIIAEMOCTb paboyeil 061acTu.

Hns aHanutryeckoro pemeHus: 2D-ypaBHeHus [y-
acCcoHa HEeOOXOIMMO IOTOJHUTL KJIaCCUYeCKUe Tpa-
HUYHBIE YCIOBUS COOTHOIIEHUSIMUA O HETIPEPHIBHOCTU
MOTEHIMAIBLHOIO U 3JIEKTPUUYECKOTro MoJieit Ha TpaHu-
e objacreit I u 2, 4ToObl yueCTb CBOMCTBO HEOAHO-
POIHOCTHU JieTUpOBaHUs paboueii obnactu. s peuie-
HUS ypaBHeHUs (1) McIonab3yeM clieayloliue rpaHuy-
HbI€ YCJIOBUSI:

o0, M=o = 005 0P, = @0

>
?g(Ug_ UFB_(Pf(y))Z—sS@E%C-’-X)‘ ;
4 X oo

e
;g (Ug = Upp = 9p(») = _SS@—(@X’ y)‘ ;
X _
g x=1tg
S D
01(x, 0) = UYD: oyx, L) = UL + Upg:

(pl(x, L) = (pz(x, L— Ll) = Ub(lc)a
acpfl(y>’ _a0,)
oy y= 1L, oy

b

y=L-1L,

rIe (pf(y) — (bpOHTAIBHBII TOBEPXHOCTHBIN MOTEHLIU-
an; ¢u(y) — MOBEPXHOCTHBIN MOTEHUMAI HA HUXHEN
TMIOBEPXHOCTH; &, — AUIIICKTPUIECKast IPOHULIAEMOCTD
TOA3aTBOPHOro okcuna; U, — HalpspKeHUe Ha 3aTBO-

pax; Upp — HanpsiKeHHe IUIOCKUX 30H; U,f;” — BCTPO-
€HHas pa3HOCTb IMOTEHIIWANOB Yy MCToKa; U, [fl-D )

BCTPOEHHAsI Pa3HOCThb MOTEHLIMAJIOB y CTOKA; U,Ef) —
BCTPOCHHAST Pa3HOCTh MOTEHIIMAJIOB HAa TPaHUIIC pa3-
HOPOIHO JIETMPOBaHHBIX obnacteit; Upg — Hanpsoke-
HUE CTOK-UCTOK.

BoipaxkeHust sl pacrnpenefeHusl MmoTeHlyMana Ha
noBepxHOCTAX Si—SiO, ABISAIOTCA CIENCTBUEM pelle-
Hus ypaBHeHus IlyaccoHa, KOTopoe Mojy4yeHo B Mpu-
OMDKeHUM pasfelieHus TepeMeHHBIX [6]. B manHoM
ciiyyae 00001IEHHOE BbIpaXKeHUE 1Sl TOBEPXHOCTHBIX
MOTEHIIMAJIOB MOXHO TIPEACTaBUTH B BUIE:

o) = Uljexp()—l}) + Uzjexp(fl;) - Uojlz’ (2)

| — b' l =1t . C — S . _
rne j = f, b; < /2—kS G2+ Gy 0 S—Jgts, K03

¢unuentsr U, o Uzj, u Uoj OMpPEeAeSIOTCS. U3 TpaHUY-
HBIX YCJIOBUM; kg — mapamMeTp, KOTOPbIA CBA3bIBAET

MMPOU3BOIHYIO ITPOIOJBHOIO 3JIEKTPUUYECKOTO OIS 10
r1yOuHe paboueii 00JacTU ¢ MIPOU3BOJHON MPOIOJIb-




HOTO 2JIEKTPUYECKOTO MOJII Ha QPOHTATBHON MTOBEPX-
HOCTU.

CrenyeT OTMETUTb, YTO TOJYYEHHOE BbIpaXeHUe
(2) MoO3BOJISIET BHIUUCIUTD paclpeeieHrue MoTeHIIrAa-
Jla ¥ 3JIEKTPUYECKOro MoJjisi B paboyeil obnacTu TpaH-
3UCTOpA, MOPOrOBOE HAMPSIKEHHWE, BOJBT-aMIIEPHBIC
XapaKTepUCTUKMU.

s onpeneneHus: 061acTy JOMYCTUMbBIX 3HAUEHU I
XapaKTEePUCTUYECKON UIMHBI PACCMOTPUM OrpaHMUye-
HUsL Ha TIApaMeTpsl fg U 7. Kax u3BecTHO, TonlIMHA
paboueit 061aCTU BIMSIET HA OCHOBHBIE XapaKTepuUC-
TUKU TpaH3UCTOpa. BBUIY HEOOXOAUMOCTH YUYUTHIBATD
MPOSIBJIEHME NEerpagallMOHHBIX 9(D(HEeKTOB, KBAHTOBBIX
3 (heKTOB, paccessHUE Ha TOBEPXHOCTU pasiesia KpeM-
HUMA-OKCUI, BIUSHUE CIYYallHOU NUCKPETHOM IpUMeE-
CHU B KaHajie TpaH3UCTOpa, YBEJWUYEHUE COIMPOTUBIIE-
HUs paboueil 00jacTU, TEXHOJOIMYECKHWe OrpaHuye-
HUs IIpU CO3JaHUU IUIEHOK 0e3 medekrtoB [15, 16]
00J1acTh 3HAYEHUI NapaMeTpa fg CJIeNyeT OrPaHUYUTh
nuara3oHoM 6...10 uM. ToJmHa moa3aTBOPHOTO TH-
BJIEKTpUKA M3 OKCHUIa KpeMHUs Mt KoHTposst KKD
HE MOXET IIPeBHIIATh 2 HM, a KBAHTOBBIE 3(PMEKTHI, B
YaCTHOCTY TYHHEJbHBIM TOK Uuepe3 3aTBOP, OTpaHUYM -
BalOT MUHMMAJIbHYIO TOJIIMHY 3HayeHueMm 1 HM [1].
3HauyeHUs XapaKTEePUCTUUYECKON UIMHBI B Juana3oHe
YKa3aHHBIX OTPaHUYCHUIA MO NAPaMeTpaM fg 1 1, 0]~
YUHSIOTCS XapaKTepUCTUUYECKUM KPUBBIM, KOTOpPBIE
MpUBEJEHbI Ha puUC. 2.

AHaJIOTMYHBIM 00pa30M MOXKHO MpPeACTaBUTh 3aBU-
CUMOCTH /(1) 115t BLIOPAHHOTO [MaIa30Ha TOMLUKH fg.
TakuM 00pa3oM, MOXHO BBEIYMCIUTH 3HaUYeHUE / IJis
Joboro Habopa fg, I U3 0o0J1acT! JOMYyCTUMBIX 3Ha-
YeHU.

[nsa unmocTpaliiy NMPUBEISHHBIX BBIIIE PacCyX-
JIeHU ObLI1 BbIOpaH MPOTOTUIT IBYX3aTBOPHOTO CUM-
meTpuuHoro KHM-tpan3ucropa ¢ nmapamerpamu L, =
=22 uwm, tg=7 1M, £, = 1,3 um, Ny = 1,0x 107 cm™3,

Puc. 2. 3aBHCHMOCTD XapaKTepUCTHYECKOI JJIMHBI OT TOJIIIMHBI pa-
Ooueil o0MacTH ANS PA3HBIX TOJIIMH MOA3ATBOPHOTO OKcHaa: [ —
lg = 1,9 uMm; 2 — lg = 1,6 um; 3 — g =13 Hm; 4 — ;= 1,1 oM
Fig. 2. Dependence of characteristic length on thickness of the working
area for different thicknesses of the subgate oxide: 1 — o =19nm; 2 —
Iy = 1.6 nm; 3 — Iy = 1.3 nm; 4 — Iy = 1.1 nm

Puc. 3. Pacnpenenenne noBepxXHOCTHOTO MOTEHIHANA OT HOPMHPO-
BaHHOi Koopaunats! y npu Uy = 0,1 B (38e3104K0ii 0003Ha4€HbI 1aH-

Hble MOJIEJIMPOBAHKS, NOJyYeHHbIe ¢ MoMombIo nporpammbl ATLAS)

Fig. 3. Distribution of the surface potential from normalized co-ordinate y
at Uys = 0.1 V (the asterisk designates the data of modeling received by

means of ATLAS software)

N, =1,0% 101 cm—3. MakcumanbHbIit YPOBEHb JICTU -
pOBaHMSI CTOKAa/UCTOKa 5 X 102 ¢cm 3. Ha puc. 3 npu-
BEIEHO pPAaCCUMTAHHOE pachpeneieHre IOBEPXHOCT-
HOTO MOTeHlIMajga B pabouyeil 00jacTM TpaH3UCTOpa,
KOTOPOE COITOCTABJISIOCH C JAHHBIMU MOIEIMPOBAHUS,
MOJyYEHHBIMU C [TOMOILBIO KOMMEPYECKU JOCTYITHOTO
MPOTPAMMHOTO MaKeTa ATLAS™ g 2D-monenupo-
BaHUSI TPAH3UCTOPHBIX CTPYKTyp [17]. Pe3ynbraThl
pacueToB U JaHHbIE MOJAEIUPOBAHUS HAXOASTCS B XO-
polIeM COOTBETCTBUM.

M3 nmoayyeHHBbIX pe3yabTaToOB CleAyeT, YTO MUHU-
MYyM TTOBEPXHOCTHOTO MOTEHIIMaJla PACITOJOXEH B BbI-
COKOJIETMpOBaHHOM objactu. [TpumepHoO nocepennHe
MEXIy LIEHTpOM paboyeil 00JacTU U LIEHTPOM BBICO-
KoJjierupoBaHHo# obsacTu. [Tonoruit yuactok yacTuu-
HO 3axBaTbIBa€T HM3KOJIETMPOBAHHYIO 00JacTh. B 00-
1LIeM clydyae BUJ paclipeesieHus MoTeHlana onpeie-
JIIETCSl OTHOLUEHWEM KoHLeHTpauuii Ny u N,. Ilpn
CHIDKEHUU N, MUHUMYM IOTE€HIIMAJIA CABUTAETCA BJlE-
BO K HYJII0 (K UCTOKY). PazHuIia Mexxi1y MUHUMAaJbHbIM
3HAUYE€HWEM IOTEeHLIMaAa U MOTEHLIMAJIOM, COOTBETCT-
BYIOLLIMM T10JIOTOM yacTtu, Bo3pacTtaeT. [1pu Bo3pacra-
HUU N, nojioras 4acTb B paclpee/eHUH MOTeHI ana
MOCTENEeHHO UCYe3aeT U MUHUMYM MOTeHLMaIa CBU-
raeTcsl BrpaBo (K CcTOKy). Ilpu BbIpaBHUBAaHUU KOH-
LIEHTpalMii pacrpeaeeHue MoTeHlMana B TOUHOCTU
COOTBETCTBYET PACIIPEIACICHUIO MMOTEHIMAA IS Of-
HOPOIHO JIETUPOBAHHOIO CiIyyas.

3. AIropuT™M MoJeJIMPOBAHUS XapaKTePUCTHK
TPAH3UCTOPA

MojaenvpoBaHUe XapaKTEePUCTUK CUMMETPUYHOIO
nByx3arBopHoro KHM KMOII-tpaH3ucropa ¢ mpo-
JIOJIbHO JIETUPOBAaHHOI paboueil 00J1acThl0 OCYIIECT-
BJISIIM B JBa 3Tana. [lepBoHayaabHO Ha OCHOBaHUU
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aHanuTuyeckoro peieHus: 2D-ypaBHeHus IlyaccoHa
C pacllMpeHHbIMU TPAHUYHBIMU YCIOBUSIMU BbIYMC-
JISUTW paclpefesieHue NoTeHlana B paboueil odac-
TH, MOBEPXHOCTHBIN MOTEHLIMAJ, DJIEKTPUUECKOE IO-
Jie, MIOPOTOBOE HANPSIKEHUE, TTOAMOPOrOBbI HAKJIOH,
KOTOpBIE COIOCTaB/IUIA C JAHHBIMU MOIEIUPOBAHUSA
nporpaMmbl ATLAS™ [17].

Hnst MoaenvpoBaHUsSI BOJIbT-aMIIEPHBIX XapakTe-
puctuk (BAX) ucnosnb3oBaiu cpopMyJIUpOBaHHYIO B
paMKax NMpUOJMXKEHUST 3apsiIOBOIO pasziesieHUus MOo-
nenb [16], ¢ yuetoM MOIMMULIMPOBAHHOTO BhIpaXKe-
HUS IJ11 CKOPOCTM HACBILIEHMSI U BBICOKOM IMOJIeBOM
nerpagauuu. BolpakeHue Uisi TOKa JBYX3aTBOPHOIO
KHM-TpaH3ucropa cienyeTr U3 MHTETpUPOBaHUS ypaB-
HeHMs1 o0lIero BUaa 1o Bceil paboueit obiactu [16].
Crnemyer OTMETUTb, YTO KOHIICHTpAILIMS W TTOIXBMX-
HOCTb HOCHUTEJIe CYILIeCTBEHHBIM O0pa3oM 3aBUCST
OT pachnpelefieHus MoTeHluraaa B paboueid obaacTu.
IIpu 3TOM mpeHeOperaeM BIMSIHUEM (PUKCHUPOBAHHO-
ro OKCHMJIHOTO 3apsiia B peXruMe CUJIbHOU MHBEPCUU.

B wuccnenyemoli apxuTekType B OOLIEM cliyyae
KJII0Y€BbIE TOKM TpaH3ucTopa (1, u I ypp) Ipy Npounx
OJIMHAKOBBIX TEXHOJOTUUECKUX IMapamMeTpax 3aBUCST
OT KOHIICHTpAIlUM JIETUPOBAHUS KaxXKI0i YacTu pabo-
yeii 00J1acTU U OT uX oTHolleHus. Ha puc. 4 B kauecTBe
WLTIOCTpauuu npuBeaeHbl BAX BIOpaHHOTO IIPOTO-
TUIA TPaH3UCTOpA.

ITo cpaBHEHUIO C aHAJIOTUYHBIM CUMMETPUYHBIM
nByx3atBopHbiM KHUM KMOII-HaHOTpaH3UCTOPOM,
HO OJHOPOJIHO JIETUPOBAHHbBIM, 3HaYeHUe ToKa /), 60-

600.0 3

200.0 4

Puc. 4. BAX 1,(Uyy) ans pasmmansix U,
Fig. 4. VAC of 1;(Uyy) for various U,
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Jiee 4eM B 2 pasa BhIlE. YPOBEHb TOKa [ pp IPUMEpP-

HO B 5 pa3 MeHbllIe. DTO SIBISETCS MPEANOChIIKOMN IS
MOBBILLIEHUST TIPOU3BOAUTEILHOCTH 3JIEKTPOHHBIX yC-
TPOMCTB, B YACTHOCTMU JIOTUYECKMX BEHTHUJIEH, IO
CpPaBHEHMIO C aHAJIOTUYHBIMU, HO BBITTIOJTHEHHBIMM Ha
OJHOPOIHOJETUPOBAHHBIX TpaH3UCTOpax. BbIcoKuii
TOK /,,, HAIIPAMYIO TIPUBOIUT K YMEHBIIEHUIO BpEMe-
HU NepeKIIoYeHrs] BeHTUs. 11 TOCTUXKEeHUsT MaK-
CUMaJIbHBIX 3HAaYE€HMI ToKa [, CielyeT IOBbIIIATh

KOHLCHTpPAaL IO Nl JI0 MaKCHMMaJbHO BO3MOXHOM, a
KOHICHTpALWIO N2 CHMXATb 10 MUHUMAaJIbHO BO3MOXK-

HOil. B 00acT BBICOKMX KOHLIEHTpAlLWii 3HAYeHUE
ToKa /,, OyaeT NmponOpUMOHAJIBHO YBEJIUYUBATHLCH:
I, =Bl (0 roe [ 0 _ TOK HACBILIECHUS TPAH3UCTOPa
on on ? on

C pPaBHOMEPHO JIETUPOBAaHHON pabouyeil 00JaCThIO;
B = log(N;/N,). Tok Iypp BO3pacTaeT HECOU3MEPUMO

OoJipllle, B IIpeaeIbHOM Cllydyae MIPpUMEpHO Ha JBa Io-
psiiKa, TO3TOMY MOXHO JOCTUYb HEKOETO ONTHUMAaslb-
HOTO COOTHOUIEHUs KOHUEeHTpauuii Ny u N,. OnHako
pasymHee IIpU BBIOOpPE 3TUX MapaMeTPOB PYKOBOJC-
TBOBATbCSl MPOEKTaMU MUKPOCXEM, TIe MJIaHUPYEeTCs
MIPUMEHSITh TaHHBIE TPaAH3UCTOPHI. 151 BHICOKOCKO-
pocTtHbIX TipuiioxkeHuit (HP-cxeM) MoXXHO McnoJib3o-
BaTh cooTHoweHue loy > Ioy gp, € lon yp — Ma-
pametp us ITRS (International technology roadmap for
semiconductor [18]) mnsi JAHHOTO TEXHOJIOTUUYECKOTO
rokosieHus. [ cxeM ¢ HU3KUM YpPOBHEM CTaTHUYeC-
kot MoiHoctu (LSTP-cxem) BakHbIM TpeOGoBaHUEM
ABJISIETCS YPOBEHD TOKA [y I105TOMY ONTMMU3aLnio
MOXHO TIPOBOJAUTh, OTTAJIKUBASICH OT MUHUMAJILHOIO
3HauyeHUsA N,, KOTOpOe OIpenesaeTcsd TpeOOBaHUAMU

BBIOpaHHOH TexHoIoruu. /lajiee MOXHO yBeIMYUTL N,
4TOObI MOBBICUTH TOK /), W, CIENOBATENIbHO, YBEJIN-
YUTH OBICTPONENCTBHUE, a LISl CHIKEHUS BIMSIHUS Ha
TOK [ppp Ha HECKOJIBKO TPOLEHTOB MOBLICUTH KOH-
ueHrpauuio N,. Takue urepaunu cienyeT NpoBOAMTS,
KOHTPOJUPYS TOK [ pp TaK, 4To0bl opp < Iopp 1s7P>
rne lopp psTp — Napamerp u3 ITRS. IMosTomy pac-
CManI/IBE_ICMaﬂ TPaH3UCTOPHAS APXUTEKTYpa TO3BOJIS-

€T MOoJIydaTb TEXHOJOTUYCCKHM TPAH3UCTOPLI C pa3HbI-
MU IMOPOTOBBIMU HAIIPSAKCHUAMMU.

4. BpeMeHHbIe 32/1€PXKKU NP MEPEKTIOYEHUSTX

IIpoananu3upyem BIUSHUE Ha 33TEPXKKy BEHTU-
Jieli, B YaCTHOCTY MHBEPTOpa, U3MEHEHUSI KOHLEHTpa-
LI JIerMpoBaHus padboueil odsactu. JIjis1 naeajibHOTO
CUMMETPUYHOIO MHBEpPTOpAa IpUEMJIEMOI OLEHKOM

Uds
1 on
C — moJiHag SKBUBaJE€HTHAS €MKOCTDb, 3apsKacMasd n
pa3psizkaeMasi B TaKTOBOM 1IMKJIE. Toraa ¢ yueTom olie-

HOYHOIro COOTHOLICHMA IJId TOKA HACBIIICHUA TpaH-

€ro 3aJIePXKKU SBJISICTCS BeJIMYMHA [6] 1 =

, TIC




3UCTOpA BHIPAXXEHUE IS 3aAePXKKH TeperuIineM, Ha-
MpUMED, B CJAEAYIOLIEM BUIE:

©=p""x, )
CU,,
1Ow

M3 BeIpaxkeHus (3) BUAHO, YTO 3aepKKa MHBEPTO-
pa o6paTHO MPOITOPLMOHATLHO 3aBUCUT OT OTHOIIE-
HUSI KOHLEHTpaluii lerupoBaHusi. B maHHOM cityyae
KO3(pDUIIMeHT B — 5TO KPYyTU3HA PETYIUPOBOYHOM
XapaKTePUCTUKU 3aIepKKU, OT 3HAUEHUsT KOTOPOI 3a-
BUCUT 3(D(HEKTUBHOCTH PETYIMPOBKMN.

Hcxons n3 U310XXeHHOW METOINKY OIIPEISTNM IBa
Habopa nmapaMeTpoB MpoToTuna apyx3arsopHoro KHN
KMOII-Tpan3ucropa ¢ IIMHOM KaHajia 22 HM I
Pa3IMYHBIX CXEMOTEXHUUYECKMX IpuiaoxeHuit. Tum 1

npeaHasHayeH 1 HP-mpunoxenuii, tun 2 — s
LSTP-npusioxxeHuii. Ux oCHOBHbIE€ MapaMeTphl MpU-

rae Ty = , W — mmpuHa 3atrBopa.

Tabmmua 1
Table 1
OcCHOBHbIE APaMETPbI TPAH3UCTOPOB, Ije Yepe3 "/" mMpuBeIeHbI
napameTpbl n- U p-TPAH3UCTOPOB COOTBETCTBEHHO
Key parameters of the transistors, where through "/" the parameters
of n- and p-transistors, accordingly, are presented

[TapameTpbl Tun 1 Tum 2
Parameters Type 1 Type 2
TomuHa moa3aTBOPHOIO OKCUAA, HM 1.3 1.3
Thickness of the subgate oxide, nm
TonuumHa padoyeit o61acTu, HM 7 7
Thickness of the working area, nm
KonuenTpauus neruposanus Ny, em3 5.0-10'7 | 1.1-10V7
Concentration of alloying N;, cm—3
KonuenTpauus neruposanusa N,, oM 3 1.0-105 | 2.5-105
Concentration of alloying N, cm=3
XapakTeprcTuueckasi JyIinHa, HM 10.9 10.1

Characteristic length, nm
IToporoBoe HamnpskeHue, MB
Threshold voltage, mV’

176/-205 | 265/—280

Tok 1,, MKA/MKM 1480/815 | 620/345
Current I,, mkA/um
Tok Ippp, TA/MKM 86/46 6.1/3.4
Current 1opp, pA/um
Tabauua 2
Table 2
JluHaMuyecKue XapaKTepUCTHKH BeHTHJIei
Dynamic characteristics of the gates
IMapameTpsr
Parameters
Bentunb T, IIC P, MxBT P, nBr
Gate T, ps P, mkW Ps, pW
Tun 1| Tun 2 | Tun 1| Tun 2| Tun 1| Tun 2
Type 1| Type 2| Type 1| Type 2| Type 1| Type 2
HuBeprop 0.8 1.6 2.5 2.1 5.8 0.4
Inverter
2U-HE 1.9 33 8.1 6.8 12.7 1.0
2NAND
2UJIN-HE 1.2 2.2 5.5 4.6 8.2 0.6
2NOR

Puc. 5. Crarnyeckue XapakTepucTHKH HHBepTOpoB: /| — Tum 1; 2 —
tum 2; 3 — Uin
Fig. 5. Static characteristics of invertors: 1 — type 1; 2 — type 2; 3 — Uin

BeleHbl B Taba. 1. OcTanbHble TEXHOJOTMYECKUE Ma-
paMeTphl BEIOpaHBI B COOTBETCTBUM C PEKOMEHIALIMS -
MU, cpopMyTHpoBaHHBIME B [6, 16, 19].

Marematuueckoe sapo nporpammbl HSPICE [20]
OBbLJIO MCMOJIb30BAHO IS MOJEIMPOBAHUS XapaKTe-
PUCTUK BEHTUJIEH Ha BBIOpAHHBIX MPOTOTUMAX TPaH-
3ucTopoB. Ha puc. 5 npuBeneHsl cTaTUYECKUE XapaK-
TEPUCTUKU UHBEPTOPOB.

B Ta6s1. 2 npuBeaeHbl OCHOBHbIE XapaKTepUCTUKU
BEHTWJICI: BpeMeHHas 3alepXKa MepeKIoyeHus T;
MOIIIHOCTb OJIHOTIO TMepekaoueHus P mpu 4dacrore
0,1 TI'u; ypoBeHb CTaTMYECKOM MoOWIHOCTH P, 1pu
HanpsikeHuu nutanus 0,9 B.

Ha puic. 6 mpuBeneHBI pacCUUTaHHBIE 3aBUCUMOCTH
3aepXKKU TIepEeKITI0UeHNs] BEHTUJIEH pa3IMUyHBbIX TU-
TIOB OT HATIPSKEHUST TTUTaHMS.

W3 npencraBieHHBIX JaHHBIX BUIHO, YTO B IHMAaIia-
30He HanpskeHuii nuranua 0,8 < Uy < 0,9 B sanepx-
Ka KaxJ0To BEHTUJISI MPaKTUYeCKH He 3aBUCUT OT 3Ha-
YeHUs MUTaHKUA. YpoBeHb Uy, NPU KOTOPOM HaYMHa-
€T BO3pacTaTh 3aJepxKKa ISl KaXKI0ro BEHTUJIsI, CBOM.
IIpu 3TOM 3HaUEeHMSI CYLIECTBEHHO pasinvaiTcs. Obda
THUIa MTHBEPTOPOB xapakTepusylorcsa Uy = 0,65 B, xo-
TOpOE SIBJISIETCS] HAMMEHBIIIMM M3 BCEX paccMaTpHBa-
emblX. HanGonbuiee snayenue Uy = 0,8 B nonyyeHo
st BeHTus1 2M-HE, BbIMoJHEHHOro Ha TpaH3UCTO-
pax tuna 2.

[IpencraBieHHbIe pe3yJbTaThl MOTYT OBbITh UCITOJIb-
30BaHbI 1JIs1 pa3paboTKu 3 PEeKTUBHOM pa3HOIOPOIro-
BOl CXEMOTEXHUKM MPU CO3JaHUM HU3KOBOJBTHBIX
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Puc. 6. 3aBucuMocTb 3aJepXKKH BEHTHJIEH OT HANPSKEHUs MUTAHUSA
Uy: a — HP-sentuny; b — LSTP-Bentunn; I — unHBepTop; 2 —
2UJIN-HE; 3 — 2U-HE

Fig. 6. Dependence of the delay of the gates on the supply voltage Uyq:
a — HP-gates; b — LSTP-gates; 1 — inverter; 2 — 20R-NOT; 3 —
2AND-NOT

CBUC ¢ manoii noTpedisseMoii MoliHocThio. Heobxo-
IAMO OIICHWTHh Ha TepBOHAYAJIBHOM 3Tare BO3MOX-
HOCTU TEXHOJIOTMU C YY€TOM BO3MOXHBIX pa30poCoOB
MO ONTUMM3ALIMM OCHOBHBIX 3JEKTPOPU3UNIECKUX Xa-
PaKTEePUCTUK TPAH3UCTOPOB.

3akmouenue

C MOMOILbIO YUCIEHHOTO MOICIMPOBAHUS TMPO-
aHaJM3MpOBaHA BO3MOXHOCTb CHHTE3a JIOTMYECKUX
BEHTUJIE Ha ABYX3aTBOPHBIX cUMMeTpudHbXx KHH
KMOII-HaHOTpaH3UCTOpaxX €O CTYMeHYaThiM Mpodu-
JIEM JIETUPOBAHUS KaHalla (CuMTas OT MCTOKA) — BbI-
COKOJIETUPOBAaHHAash M HU3KOJErMpoBaHHAsi 00JIacTH.
Hcxons M3 MOJYyYEHHOTO aHAJTUTUYECKOTO PEIICHMS
2D-ypaBHeHust IlyaccoHa 4YHMCIEHHO pacCUMTaHbI
3JIEKTpO(U3NIECKME XapaKTEPUCTUKU TPAaH3UCTOPOB.
PesynbTaThl pacueToB pacripeieseHus] MOTeHLMaIa
HaXOASITCSl B XOPOIIIEM COOTBETCTBUM C JaHHBIMU MO-
JEeJIMPOBAHMUSI, TTOTyYEHHBIMU C TIOMOIIIBIO KOMMEpUec-
KU JOoCTynmHoro nporpamMmHoro naketa ATLAS™ nnsa
2D-MoaenupoBaHUsT TPAaH3UCTOPHBIX CTPYKTYD.

[TpuMeHUTETBbHO K Cy0-25-HaHOMETPOBBIM IBYX3a-
tBopHbIM KHHM KMOII-TpaH3ucropamMm paccMOTpeH
OJIH U3 BO3MOXHBIX MTOIXOI0B pa3pabOTKX MaJOMOLIL -
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HOI 2eKTpoHUKU. OOOCHOBaH coco0 BbIOOpa Tex-
HOJIOTUYECKUX IMapaMeTPOB TPAH3UCTOPOB C YYETOM
WX TIPUMEHEHUS TSI Pa3HBIX CXeMOTEXHUUYECKUX TIPU-
noxenuit. C nmomourpio nporpamMmmbl HSPICE uwnc-
JIEHHO UCCIe0OBaHbl JTUHAMUYECKHUE XapaKTepPUCTUKHU
BeHTusieil uHeepropa, 2U-HE, 2UJIN-HE Ha aByx
MpOTOTUMNAX TpaH3UCTOpOB. [Ipu HanpsKeHUM MUTa-
Hug 0,9 B MuHumanbHas 3aaepxkka rnepekyiioueHus u3
BCEX BEHTUJIEH COOTBETCTBYET MHBEPTOPY Ha TPaH3MC-
TOpax ¢ HU3KWUMU MOpOoraMu, MakKCUMajIbHas 3a1epxK-
Ka xapaktepHa w1 Bentwist 2M-HE Ha TpaH3ucropax
C BbICOKMMMU IOpOraMu, KoTopasi 6osiee uem B 4 paza
BbIIIIE MUHUMAaJIbHOM. [IaHHBIN BEHTWIb XapaKTepU3y-
eTcsl HauOoJIbllIelt aKTUBHOW MOIIIHOCTBIO, KOTOpasi Ha
yactote 0,1 TT'u npesbiaer 8§ MkBT. MuHUMaIbHas
craTuyeckast MOIIHOCTb coctaBisieT 0,4 nBT mist uH-
BEepTOpa Ha BBICOKOITOPOTOBBIX TPAH3UCTOPaX.

IIpu cCHMXXKeHUU HaNpsDKEHUs MUTaHMS 3alepxkKa
BEHTUJIE BeJeT ceds1 mo-pa3Homy. st 000uX TUIIOB
MHBEpPTOPOB 10 HanpskeHus 0,65 B oHa npakTuyecku
He Bo3pactaeT. [Ipu 3ToM moTpedisieMble MOILIIHOCTH
BEHTUJIEH CHMXKAIOTCS IIpUMEpPHO B 2,5 pasa. 3agepxK-
Ka IpYrux BEHTWIei 0osiee YyBCTBUTENIbHA K YPOBHIO
HanpsDKeHWST TuTaHust. [1pyu 5ToM TeHIeHIINsST CHUKeE -
HUS TTOTpeOIsIeMOil MOLITHOCTU coXpaHsieTcs. B coBo-
KYTTHOCTU 3TO SIBJSIETCS MPEANOCHUIKOM 11 CO3AaHUsI
MaJIOMOIIIHOM CXeMOTEXHUKM, (DYHKIIMOHUPYIOLIEN B
cyOTeparepoBOM IMarnas3oHe.

Paboma evinoanena npu noddepxucke Ilpoepammbt
gyndamenmanvHvix uccaedosanuii PAH Ne 43.35 HUP
Ne 0065-2018-0006.
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The article presents the questions of synthesis of characteristics of the logical gates made on the symmetric double gate SOI
CMOS nanotransistors with a non-uniformly doped channel for the supply voltage range less than 1 V. The step doping profile of
the channel — high-doping and low-doping areas are discussed. Based on the received analytical solution of 2D Poisson equation
the potential distribution in the working area of the transistor was numerically calculated: electric field, threshold voltage and sub-
threshold characteristics. The results of the calculations of the potential distribution are in full compliance with the simulation results
received by means of ATLAS e commercially available software package.

An approach was developed for designing of multi threshold low-power electronics in relation to sub 25 nanometer double-gate
SOI CMOS transistors. On the basis of the initial analytical model for the potential distribution of transistor the volt ampere char-
acteristics for two prototypes of transistors and response characteristics of the logical elements — the inverter, 2NAND, 2NOR on

two prototypes of the transistors were calculated.
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Introduction

Double-gate CMOS transistors with SOI ("silicon on in-
sulator") structure belong to promising representatives of the
element base of the digital microcircuits [1—4]. SOI transistor
structures provide unique opportunities for scaling of the top-
ological parameters in the nano-sized area. At that, they en-
sure a high functional flexibility. However, even the given ar-

chitecture cannot solve one of the constraining problems of
the microelectronics connected with a total scaling of the to-
pology — a decrease by the advancing rates of the carriers
concentration in the transistor channel. Such a trend has a
destructive influence on both the level of the currents of a sep-
arate transistor, and on the speed of a microcircuit as a whole
[3, 5, 6]. Generally, the approved methods for overcoming of
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the given problem encounter the parasitic effects, which are
visible in the nonscalable properties of the transistor struc-
tures, for example, in the threshold voltage and subthreshold
current [4, 7].

In the work, as a solution to the presented problem, the
use of the double-gate SOI CMOS transistors with a non-uni-
formly alloyed working area is analyzed. The asymmetric lon-
gitudinal profile of doping of the channel is considered
(counting from the source): high-alloy and low-alloy areas.
An advantage of the design is that it allows us to compensate
for the influence of the effect of hot carriers, roll-off of the
threshold voltage and other parasitic mechanisms arising in
the homogeneously alloyed transistors [8—10]. The electro-
physical characteristics of the prototypes of transistors are cal-
culated by means of an analytical expression for distribution
of the potential following from the solution of 2D Poisson
equation. On the basis of the given distribution of the poten-
tial, the volt-ampere and capacity-voltage characteristic of
the transistors and the time and power characteristics of the
logic gates are calculated. Of special importance is the anal-
ysis of the optimal selection of the parameters of the transis-
tors for a synthesis of the characteristics of the logic circuits,
in particular, of a delay and the switching power connected
with it, under condition of a lowered supply voltage.

1. Model of the transistor prototype

In the considered case the working area of the prototype
of a double-gate symmetric SOI CMOS nanotransistor (fig. 1)
consists of two parts (/ and 2) with different concentrations
[11, 12].
At that, the following conditions concerning the topology
are satisfied
Ly=1L,

and concentrations of alloying

_ {N1,0<y< L,

Ne T n L ’
» Ly<y<L

where N; — concentration of alloying of area [ with length
L,, N, — concentration of alloying of area 2 with length L,,
L — length of the working area.

2. Minimization of the short-channel effects

In the planar transistor structures the characteristic length /
serves as an indicator of the short-channel effects (SCE) [13].
The given parameter is a function of the thickness of the films
forming the working area of a transistor. In a limiting case for
a full suppression of SCE the condition of L//>> 1 should be
implemented. An expression for the characteristic length is
formed during solving of Poisson equation for the potential
distribution in the working area of a concrete design of the
transistor. The best compromise for minimization of SCE in
the structure at the fixed values of the thickness of films ¢
and f¢is the condition of L// > 2, which is acceptable for the
circuitry applications [14—16]. With reference to the consid-
ered model of the transistor the Poisson equation looks like
the following:

2 2
oy L dexy) _‘INAj(y)’ "
6x2 ay2 eg
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where ¢(x, y) — potential in the working area of the transistor;
g — electron charge; e g — dielectric permeability of the work-
ing area

For an analytical solution of 2D Poisson equation it is
necessary to complement the classical boundary conditions
with the correlations of continuity of the potential and the
electric fields on the boundary areas 1 and 2, in order to take
into account the property of heterogeneity of alloying of the
working area. For solving of the equation (1) we will use the
boundary conditions:

o6 V=0 = @15 9L, = 043

€ _ 0 A
i Ue ™ Urs = o0 = —e200E)

‘x:O,
&

% (U~ Upp — o40) = 5222
g x =g

D+ Upg;

o1(x, 0) = U,S,-S); Py(x, L) = Ulgi
015, L) = ¢y(x, L= L)) = USY;

a(Pfl ») _ 6(pf2(y)
oy oy

y=1 y=L-L,

where (pf(y) — frontal surface potential, ¢,(y) — surface po-
tential on the bottom surface; ¢, — dielectric permeability of
the subgate oxide; Ug — gate voltage; Ugp — flat zone voltage;
U,ﬁ,s) — embedded potential difference at the source; Ub(,- ) —
embedded potential difference at the drain; U,ﬁf) — embed-
ded potential difference at the boundary of the nonuniformly
alloyed areas; Upg — drain-source voltage.

The expressions for the potential distribution on the
Si—Si0, surfaces are a consequence of solving of the Poisson
equation, which was received in approximation of separation
of the variables [6]. In this case, the generalized expressions
for the surface potentials can be presented in the following
form:

90) = Uyexp @ - U2J'eXp(*J_1}) - Uyl 2

S A S O W
Wherej f;b,l tS m’co z—:gtS’

coefficients Uy, U,;, and Uy, are defined from the boundary
conditions, kg — parameter, which connects the derivative
of the longitudinal electric field by the depth of the working
area with the derivative of the longitudinal electric field on
the frontal surface.

The received expression (2) allows us to calculate the dis-
tribution of the potential and of the electric field in the work-
ing area of the transistor, the threshold voltage, and the volt-
ampere characteristics.

For definition of the area of the admissible values of the
characteristic length we will consider restrictions on param-
eters fgand #,. As is known, the thickness of the working area
influences the basic characteristics of a transistor. In view of
the necessity to take into account the degradation effects, the
quantum effects, scattering on the surface of the silicon-oxide
boundary, influence of a random discrete impurity in the
transistor channel, increase of resistance of the working area,
the technological restrictions concerning creation of films




without defects [15, 16], the area of the values of tg parameter
should be limited by the range from 6 up to 10 nm. Thickness
of the subgate dielectric from silicon oxide intended for con-
trol of SCE may not exceed 2 nm, while the quantum effects,
in particular, the tunnel current through the gate, limit the
minimal thickness by the value of 1 nm [1]. The values of the
characteristic length within the range of the specified restric-
tions by parameters #g and 1, are subjugated to the character-
istic curves, which are presented in fig. 2.

Similarly, it is possible to present the dependences of l(tg)
for the selected range of thicknesses of #g Thus, it is possible
to calculate value / for any set of fg, ly from the area of the ad-
missible values.

For illustration of the arguments presented above, the
prototype of a double-gate symmetric SOI transistor was se-
lected with parameters L, = 22 nm, t¢=7 nm, #,, = 1.3 nm,
N;=1.0-10"7cm™3, N, =1.0+ 10" cm™3. The maximal lev-
el of alloying of the drain/source was 5 - 102 ¢cm™3. Fig. 3
presents the calculated distribution of the surface potential in
the working area of the transistor, which was compared with
the data of modeling received by means of ATLAS™ software
package for 2D modeling of the transistor structures [17]. The
results of the calculations and the modeling data are in good
conformity.

From the results it follows, that the minimum of the sur-
face potential is located in the high-alloyed area, approxi-
mately in the middle of the distance between the centre of the
working area and the centre of the high-alloyed area. A flat
site partially occupies the low-alloyed area. Generally, the
kind of distribution of the potential is determined by the cor-
relation of concentrations N; and N,. In case of a decrease
of N, the potential minimum moves to the left, to zero (to the
source). The difference between the minimal value of the po-
tential and the potential corresponding to the flat part in-
creases. In case of an increase of N, the flat part in the po-
tential distribution disappears gradually, and the potential
minimum moves to the right (to the drain). During alignment
of the concentrations, the potential distribution corresponds
accurately to the distribution of the potential for a uniformly
alloyed case.

3. Algorithm for modeling of the transistor characteristics

Modeling of the characteristics of a symmetric double-
gate SOl CMOS transistor with a longitudinal alloyed work-
ing area was carried out in two stages. Originally, on the basis
of the analytical solution to Poisson 2D equation with the ex-
panded boundary conditions, the potential distribution in the
working area, surface potential, electric field, threshold volt-
age and subthreshold inclination were calculated and com-
pared with the data of modeling of ATLAS™ software [17].

For modeling of the volt-ampere characteristics (VAC)
the model was used formulated within the framework of ap-
proximation of charge division [16], taking into account the
modified expression for the speed of saturation and high field
degradation. An expression for the current of a dual-gate SOI
transistor follows from integration of the general kind equa-
tion on all the working area [16]. It is necessary to point out,
that the concentration of the carriers and mobility of the car-
riers depend essentially on the potential distribution in the
working area. At that, we neglect the influence of a fixed oxide
charge in the mode of a strong inversion.

In the investigated architecture, in a general case, the key
currents of the transistor (/,, and Izp), at the other identical
technological parameters, depend on the concentration of al-
loying of each part of the working area and on their correla-
tion. As an illustration, fig. 4 presents VAC of the selected
transistor prototype.

In comparison with a similar symmetric double-gate SOI
CMOS nanotransistor, but uniformly alloyed, current 7, is
more than twice as high. The level of current /g is approx-
imately 5 times less. This is a precondition for an increase of
the productivity of the electronic devices, the logic gates, in
particular, in comparison with similar ones, but made on uni-
formly-alloyed transistors. High current 7, leads directly to
a reduction of time for the gate switching. In order to achieve
the maximal values of current 7, we should increase the con-
centration of N up to the maximal possible level, and to lower
the concentration of N, down to the minimal possible level.
In the area of high concentrations the value of current /,, will
increase proportionally: 7, = 1((,2) , where 1((,2) — current of
saturation of the transistor with a uniformly alloyed working
area, B = log(N/N,). Current /g increases incommensu-
rably more, in a limiting case, approximately by two orders,
therefore, it is possible to reach a certain optimal correlation
of concentrations N and N,. However, in selection of these
parameters it is more reasonable to be guided by projects of
microcircuits, where it is planned to apply the given transis-
tors. For high-speed applications (HP circuits) it is possible
to use correlation /gy > Igy gp, Where Iy yp — parameter
from ITRS (International Technology Roadmap for Semicon-
ductor [18]) for the given technological generation. For the
circuits with a low level of static power (LSTP circuits) an im-
portant requirement is the level of current /gy Therefore, an
optimization can be done proceeding from the minimal value
of N,, which is determined by the requirements of the selected
technology. Further, it is possible to increase N, in order to
raise current /,, and, hence, to increase the speed, and for a
decrease of the influence on current /g to raise the con-
centration of N, by several percent. Such iterations should be
done Controlling current lOFF’ so that IOFF < IOFF LSTP
where Iopp [ grp — parameter from ITRS. Therefore, the
considered transistor architecture allows us to receive tech-
nologically the transistors with different threshold voltages.

4. Switching time-delays

Let us analyze the influence on the delay of the gates, the
inverter, in particular, and change of the alloy concentrations
in the working area. For an ideal symmetric inverter an ac-

CUy
1,

on
C — full equivalent capacity charged and discharged in a
clock cycle. Then, taking into account the estimated corre-
lation for the current of the transistor saturation, the expres-
sion for the delay we will, for example, be the following:

T=p"lt, A3)

ceptable estimation of a delay will be [6] T = , Where

fgds , W — gate width.
on

From expression (3) it is visible, that the inverter delay de-
pends in the inverse proportion on the correlation of the alloy

concentrations. In this case coefficient p — is the steepness of

where 1 =
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the control characteristic of the delay, on which the efficiency
of the control depends.

Proceeding from the above stated technique, we will de-
fine two sets of parameters of the prototype of a dual-gate SOI
CMOS transistor with the length of channel of 22 nm for var-
ious circuit applications. Type 1 is intended for HP applica-
tions, type 2 — for LSTP applications. Their key parameters
are presented in table 1. The other technological parameters
were selected in conformity with the recommendations for-
mulated in [6, 16, 19].

The mathematical nucleus of HSPICE program [20] was
used for modeling of the characteristics of the gates on the se-
lected prototypes of transistors. Fig. 5 presents the static char-
acteristics of the inverters.

Table 2 presents basic characteristics of the gates; switch-
ing time-delay t; power of one switching P at the frequency
of 0.1 THz; level of the static power (P,) at the supply voltage
of 0.9 V.

Fig. 6 presents the calculated dependences of the switch-
ing delay of the gates of various types on the supply voltage.

From the presented data it is obvious that within the range
of the supply voltages 0,8 < U, < 0,9 V the time-delay of each
gate practically does not depend on the value of the power
supply. The level of Uy, at which the time-delay begins to
grow, for each gate is individual. At that, the values differ
considerably. Both types of the inverters are characterized by
Uy, = 0.65 V, which is the lowest of all the considered ones.
The highest value of Uy = 0.8 V was obtained for 2NAND
gate made on transistors of type 2.

The presented results can be used for development of ef-
fective multi threshold circuitry during creation of low-volt-
age VLSI with a small power consumption. At the initial stage
it is necessary to estimate the potential of the technology tak-
ing into account the possible spread of optimizations of the
basic electrophysical characteristics of the transistors.

Conclusion

The numerical modeling allowed us to analyze the feasi-
bility of the synthesis of the logic gates on the double-gate
symmetric SOl CMOS nanotransistors with a step profile of
alloying of the channel (considering from the source) — high-
alloy and low-alloy areas. Proceeding from the received an-
alytical solution to 2D Poisson equation, the electrophysical
characteristics of the transistors were numerically calculated.
The results of the calculations of the potential distribution are
in good conformity with the data of modeling received by
means of commercially available ATLAS™ software package
for 2D modeling of the transistor structures.

With reference to the sub-25-nanometer double-gate SOI
CMOS transistors, one of the possible approaches to devel-
opment of the low-power electronics was considered. A meth-
od for selection of the technological parameters of the tran-
sistors was substantiated with account of their use for different
circuit applications. By means of HSPICE program the dy-
namic characteristics of the gates of the inverter, 2NAND,
2NOR on two transistor prototypes were numerically inves-
tigated. At the supply voltage of 0.9 V the minimal delay of
switching from all the gates corresponded to the inverter on
transistors with low thresholds, the maximal delay was char-
acteristic for the gate 2NAND on high threshold transistors,
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and it was more than 4 times higher than the minimal one.
The given gate is characterized by the greatest active power,
which on frequency of 0.1 THz exceeds 8§ uW. The minimal
static power is 0.4 pW for the inverter on the high-threshold
transistors.

In case of reduction of the supply voltage the delay of the
gates behaves differently. For both types of the inverters up
to voltage of 0.65 V it practically does not increase. At that,
the power consumptions of the gates decrease approximately
2.5 times. The delay of the other gates is more sensitive to the
supply voltage level. At that, the trend for a decrease of the
power consumption remains. In aggregate this is a precondi-
tion for creation of a low-power circuitry functioning in the
subterahertz range.

The work was done with support of the Basic Research Pro-
gram of RAS Ne 43.35 NIR Ne 0065-2018-0006.
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MCCAEAOBAHUE BAUAHUS NMAPAMETPOB AKYCTUYECKOTIO OTBEPCTUA
HA AMINNAUTYAHO-HYACTOTHYIO XAPAKTEPUCTUKY MOMC-MUKPODOHA

Ilocmynuna 6 pedakyuro 07.03.2018

Ilapamempol akycmu4ecko2o omeepcmusi CyuiecmeenHo eausiom va xapakmepucmuxu MOMC-mukpogpona, é yacmuocmu Ha
amnaumyono-4acmomuyro xapakmepucmuky (A9X). Beudy croncrnocmu koncmpykyuu kopnyca oas pacuema AYX MOM C-muxk-
POGOHA HE0OX0O0UMO UCNOAB308AMb KOHEUHO-21eMeHmHoe Modeauposanue. B pabome npedcmasnerst pe3yabmamst MOOAUPOBAHUS
AYX MOM C-mukpogporna c homoupro cmpyKmypHoO-aKyCmu4ecKo20 eapmMoHu4eckozo anaiusa 6 npoepamme ANSYS. Uccaedosano
eAusHUE NoAoNCeHUs U gopmbl akycmuveckux omeepcmuii Ha AYX MIMC-mukpogona. Ilpedocmaenen anaius nosy4eHHoix pe-

3yabmamoe.

Karoueevte caosa: MOMC, mukpogoH, amniumyoHo-4acmomHas XapaKmepucmurkd, KOHeYHO-31eMeHmMHoe MO0eAUposa-
Hue, akycmuueckoe omeepcmue, mpexmepHas mooeab, ANSYS, naomembparHbili 068em, nOOMeMOPaHHbLIL 00BeM, Pe30HAHCHAS

yacmoma

Bsenenue

Pazmep u nosoxeHue aKyCTUUECKOTO OTBEPCTUS B
KOpIyce CYILIECTBEHHO BJMSIOT Ha XapaKTEePUCTUKHU
MBMC-mukpodona. CylecTByIOT 1Ba OCHOBHBIX TH -
na kopnyca MOMC-MukpodoHa: ¢ OTBEpCTUEM B OC-
HOBAaHMU U C OTBepcTHMeM B Kphilike [1]. B manHOi
CTaTbe PACCMOTPEHA KOHCTpYKLUs koprnyca MOMC-
MHKpPO(OHA C OTBEPCTHEM B KPBIIIIKE.

Hau6Gonpmee BmusHue Ha AYX MOMC-mukpo-
¢oHaA OKa3bIBAIOT pa3Mephl MOAMEMOPAHHOTO U Hal-
MeMOpaHHoro ooremMoB [2]. HagMeMOpaHHBIM 0O0B-
€MOM Ha3bIBaeTCs 00bEM MEXIY aKyCTMYECKUM OT-
BEepCTUEM U MeMOpaHoOii, ToAMEMOpaHHBIM — 00BbEM
3a MemOpaHoii [3]. AKycTuyeckoe OTBepCTUEe U Hal-
MeMOpaHHBII 00beM 00pa3yloT aKyCTUYECKUI pe30-
HaTop.

Jnst 1OCTUXXKEHUST BBICOKMX XapaKTepucTuk MOMC-
MUKpohOoHa HEOOXOAUMO, UTOObI pe30HaHCHas yac-
TOTa HaaAMeMOpaHHOTo oO0beMa Oblla BhIlIe padouyero
Jrarna3oHa 4acToT MUKpOdOHa, TaK KaK pe30HAHCHBII
MUK B paboyeM Auarna3oHe yBeJInyuBaeT HepaBHOMEP-
HocTb AUX MBOMC-mukpodoHna. Takke yBeIUYUTh
PE30HAHCHYIO YaCTOTYy MOXHO C MOMOIIbIO yBeInye-
HUS IMaMeTpa aKyCcTUYeckoro orsepctusi. [1pu yMeHb-
IIeHUU MOAMEMOPAHHOIO 00beMa YMEHbILIAETCS UyB-
CTBUTEJbHOCTb. BiMsIHME 3TUX MapaMeTpoB XOPOIIIO
OITMCBIBACTCS AHAJIUTUYCCKUMU (GOpPMYyTaMU U TIPU-
OnMMXKeHHBbIMU Moaensmu [4, 5].

B naHHoli paboTe ucciienoBaHO BAWSIHUE MOJIOXKe-
HUS U (OPMBI aKyCTMYECKOro oTBepcTusi Ha AUYX
MBMC-mukpodoHa. BBuay c10>)KHOCTU TPUMEHEHMUS
QHAIMTUYECKOTO IMOAX0oJa JJIsl pacyeTa BIMSHUS 3TUX
nmapameTpoB Ha AUX MBOMC-MukpohoHa UCMOJIb30-
BaHO KOHEYHO-3JIEMEHTHOE MOJAEIUPOBAHNE.

1. Moaenms MOMC-mukpodona

TpexmepHast moaenbr MOMC-MukpodoHa (puc. 1)
COCTOUT M3 MeMOpaHbl, 3aKpEIUICHHOW Ha YINPYyrux
MoJiBecax, HEIOIBUKHOTO TTep(pOpPUPOBAHHOTO 3JIEK-
TpoJa Haa Heil UM aKyCTMYECKON cpeabl B KopIyce
MBMC-MmukpodoHa. Mopaeab COmepXUT HECKOJIBKO
aKyCTUUYECKUX OTBEPCTUI, KOTOpPbIE HMCIOJb30BATUCH
TOOYEPETHO.

: 5 8 AKYCTMYECKWME OTBEPCTHA :
Ny 3 10 Acoustic Ports |
I [
| / 4 |
I [
11 [
I [
I [
I ok ‘ [
I [
I [
I [
| 2 :
: MAoCKOCTb CUMMETPHK // :
I [

Symmetry Plane

Puc. 1. Moaens MOMC-mukpodoHna: / — oTBepCTUE PSIOM C Kall-
ciojieM; 2 — OTBEPCTHE PSIIIOM C MPeayCUIuTeNieM; 3 — OTBEpCTUE
cBepxy Ham MOMC-kanconeM; 4 — OTBEpCTUE CBEPXY Hal Mpel-
yCUJINTENIEM; 5 — OTBEpCTUE Hal KarciojeM BOJIu3u Kpasi; 6 — oT-
BEpCTUE HaJ MpeaycuanuTeleM BOIM3U Kpasi; 7 — OTBEPCTUE CBEp-
Xy, B LICHTpe; & — OTBEpCTHE CBEPXY, B YIIy; 9 — OTBEPCTUE PSIIOM
C MpeayCUInTeNieM, y rpaHu; 10 — OTBepCTHE CBEPXY, B LIEHTpPE, Y
rpaHu

Fig. 1. MEMS microphone model: 1 — the port is near the capsule; 2 —
the port is near the preamplifier; 3 — the port is above the MEMS
capsule; 4 — the port is above the preamplifier; 5 — the port is above
the capsule near the edge; 6 — the port is above the preamplifier near
the edge; 7 — the port is above, in the center; 8 — the port is above in
the corner; 9 — the port is near the preamplifier at a side; 10 — the port
is above, in the centre, at a side
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OTBEpPCTHA B 3NEKTpOae
Electrode Holes
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Diaphragm
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Bo3ayx
Air

Puc. 2. AkycTuko-mexanuueckas moneab MO MC-kancions
Fig. 2. Acoustic-mechanical model of the MEMS capsule

Pacuet npoBeneH ¢ MOMOIIbI0 TPOTPaMMHOTO KOM-
iekca ANSYS. [Insg monmenupoBaHUsI BbIOpaH CBSI-
3aHHBIA CTPYKTYPHO-aKyCTUUYECKMMA TapMOHUYECKUMA
aHanus. [Ipenmnosaraercsi, 4To cpeaa cxmmaema U OT-
CYTCTBYeT TlepeHOoC BelllecTBa [6].

B pacuete wucrnonb3oBaHbl anemeHThl SOLID187
I MexaHudeckoir monenu memOpaHsl 1 FLUID?221
IUISL MOJIeJIM aKyCTMUYeCKOl cpelbl B Kopiyce. Mare-
puan MeMOpaHBl — ITOJIMKPEMHMIA; Cpeda — BO3OYX.
IIpennonaraercs, YTO KpUCTAILI MIPELYCUIUTENS, KPUC-
TaJUT KaTlCoJIsl, CTEHKH KPHITITKY 1 TIeJaTHas Tu1aTa He-
nedopMupyeMbie U 711 9KOHOMUM BBIYMCIUTEIbHBIX
pecypcoB 3afaHBl TPAaHWYHBIMHU YCIOBHSAMM. Takke
JUUIS1 KOHOMUHU BBIYMCIUTEIbHBIX PECYPCOB MCITOJb-
30BaHO YCJIOBHE CUMMETPUM (KpoMe Mopeyieit ¢ OT-
BepcTUsIMU & U 10, 11 HUX pacCUMThIBAIACH MOJIHAS
MOJIEJNb).

s MomenmmpoBaHUS pPaCTIPOCTPAHEHUS aKyCTH-
YECKHMX BOJIH B BO3IYILIIHOM 3a30pe MEXIy MeMOpaHoi
M BJIEKTPOIOM NpuMeHseTcs npubmmkeHue Low Re-
duced Frequency Model [7]. s 3KOHOMUM PeCypCcoOB
(GYHKUUST B3aMMOJEUCTBUSI aKyCTMUYECKOU cpenbl U
TBEPAOro TeJla BKJIIOUEHa TOJbKO /I BO3AYIIHOTO 3a-
30pa M BO3MYIITHOTO CJIOSI, KOHTAKTUPYIOIIETO C MEM-
opaHoii (puc. 2).

s onucaHus yCIOBUI OTpaXeHUsI U TpesioMJe-
HHUS 3ByKa Ha TpaHUIIe BO3OYIIHON Cpedbl KO BCEM
BHEILIHWM TpaHSIM TPUJIOXKEHO I'PaHUYHOE YCJIOBHUE
VIEITBHOTO aKyCTUIECKOTO COIPOTUBIICHMUSI:

Z = pc, (1

rae Z — yaesbHOE aKyCTUYECKOEe COMPOTUBIICHUE; p —
IJIOTHOCTb CPENbl; ¢ — CKOPOCTh 3ByKa B Cpelie.

2. Pe3yabTaThl MOJEIMPOBAHUS
M3DMC-mukpodona

B pesynbrate MomenMpoBaHUS TOJYYEHBI pacIipe-
JIeJIeHUs] aKyCTMYECKOIO JaBJIEHUSI B KOpPIIyCe U Jie-
dopmanist MeMOpaHBHI.

Ha pwc. 3 mpencraBieHo pacripeielleHIe TaBIeHUS
B CEUEHUHM KOPITyCa C OTBEPCTUEM B LIEHTPE HA YaCTOTE
8 xI'm.
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Ha ocHoBe nedopmanuu MeMOpaHbI ITOCTPOEHBI
AUYX mukpodoHna (puc. 4). Homepa oTBepcTuit ykaza-
HBI B COOTBETCTBUM C puUC. 1.

Kak BUIHO U3 MOJIy4eHHBIX XapaKTePUCTUK, PE30-
HAHCHBIE YaCTOTHI UIST MOJENIeil ¢ aKyCTUIeCKUM OT-
BepCTUEM COOKY, pSIIOM C KarcroaeM I, u cOoKy, psi-
JIOM C TIPEIyCUIUTENIEM 2, OTJIMYAIOTCSI HE3HAYUTETEHO
(4071 n 4077 T'u). Takxke 3TO0 HabMOmAeTCs TSI OT-
BepcTuii Su 6 (3892 1 3908 I'n), 3u 4 (4140 1 4163 I').
MakcumanbHasi pe30HaHCHasl YacToTa HabIonaeTcs y
Mopeau ¢ oTBepctreM B LieHTpe 7 (4192 I'm). Pe3onan-
CHbIE€ YaCTOThl MOJIEJIM C OTBEPCTUEM PSIIOM C Tpea-
YCUJIUTEIEM Y MOJENIM C OTBEPCTUEM PSIIIOM C KarcClo-
JIeM coBmamaioT. PesoHaHcHas 9acToTa yMeHBIIAeTCs
MpU TPUOIMKEHUM OTBEPCTHSI K TPaHSIM KPBIIIKA
(xapakTtepucTvku 5, 6, 91 10). MuHUMaNbHas pe30-
HaHCHAas 4YacToTa y MoIedu 8 C OTBEPCTHMEM B YINIy
(3625 T'mm), T. e. pe3oHaHCHAs YacTOTa YMEHBIIACTCS
MPU TPUOIMKEHUH aKyCTUUECKOTO OTBEPCTUS K CTEH-
KaM KopIIyca.

Taxke paccMOTpeHO BIMSIHUE (DOPMBI aKyCTUYEC-
koro orBepctuss Ha AUX MBOMC-mukpodona. Boi-

Puc. 3. Pacnpenenenne naBjieHns B HaiIMeMOpaHHOM 00beMe HA Yac-
Tote 8 KI'nt

Fig. 3. Pressure distribution in the front chamber at the frequency of
8 kHz
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Puc. 4. Pe3yabTaTsl MOAeIMPOBAHUSA
Fig. 4. Simulation results
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MOJIHEH PacyeT TpeX aKyCTUYECKUX OTBEPCTUM C OAU-
HAKOBOM IJIONIANBIO CEUeHUsT U pa3Hoii hopmoii. Dop-
Mbl OTBEPCTUIA MPEACTAaBICHBI HA pUC. 5.

Ha puc. 6 npencrasieHbl pe3yibTaTa pacyeTa Ma-
KETOB C pa3jiMuyHOi (OpMOIl OTBEpPCTUSI B LIEHTPE
KopIryca.

MuHuMabHask pe30HAHCHAS 4YaCcTOTa COOTBETCTBY-
€T OTBEPCTUIO C KPYIJIbIM cedueHueM. s oTBepCTUs
MPSIMOYTOJIBHOTO CEYEHUST PE3OHAHCHAS 4acTOTa yBe-
Jmuunach Ha 300 T'u. ITpu yMeHbLIEHUU IIUPUHBI OT-
BEPCTUSI PE30HAHCHAs YacToTa Bo3pacTaeT (puc. 6).
MakcumaibHas pe30HaHCHAasl yacToTa HabJ0JaeTcs y
MOJIEJIM C OTBEPCTUEM B BUJIEC Y3KOU 1IEIH.

3. AHAJIA3 MOJIyYeHHBIX Pe3yJbTaTOB

B pesynbrare mpoBeaeHHOTO MOAEIUPOBAHUS BbI-
SIBJIEHO, YTO Pe30HAHCHAasl yacToTa ci1abo 3aBUCUT OT
MOJIOKEHMS aKyCTUYeCKOro oTBepctusi. PazHuiia Mex-
Iy BapuaHTOM & ¢ MMHUMAaJIbHOW PEe30HAHCHOM 4Yac-
TOTOM M BapMaHTOM 7 C MaKCUMaJIbHOM 4acTOTOM CO-
craBister 567 I'. MI3MeHeHMe pe30HAaHCHOM YacTOTHI
OOBSICHIETCSI M3MEHEHUEM IPUCOECAMHEHHOM IJIMHBI
ropna pe3oHaropa [8]. [IpucoegnHeHHas ;yIMHA — 3TO
pacyeTHbI TEPMUH, BhIpAXAIOIIUN BIUSHUE HA pe-
30HAHCHYIO YaCcTOTY TOIOJHUTEIbHBIX MHEPIIMOHHBIX
CWJI, BBI3BAHHBIX HAJIMUMEM B OKPECTHOCTM ropJia pe-
30HATOpa OBICTPO 3aTYXAIOLIMX HEOLHOPOIHBIX BOJH
[9]. Pe3oHaHCHYIO 9acTOTy pe3oHaTOpa MOXHO OIIpe-
JIeJINTH 110 (hopMyJie

¢ 5

= 2_71 le_V’ (2)

)
rie ¢ — CKOpOCTh 3ByKa B cpefe; V — o0beM pe3oHa-
TOpA; Sy — MJIOLIAb MTONEPEYHOIO CEYEHUS TOpJIa pe-
30Haropa; [, = [ + lnp — 3¢ dexTuBHAA IJIMHA Topia
pe3oHaTopa; | — melcTBUTENbHAS AJIMHA TopJa; by —
MpUCOeIMHEHHas JJIMHA ropjla, KOTopas COCTOUT U3
NPUCOECAMHEHHON [UIMHBI rOp/ia C BHYTPEHHER /; u
BHELLHEH /, CTOpPOH ropJa pesoHaropa [8].

B pa6orte [10] ucronb3oBaH 3TOT 3 hEKT AJIsI aKyC-
TUYECKON CHUCTeMBI C TIepeMelIaeMbIM OTBEPCTHUEM
(bazonHBepTOpPOM) TSI YBEIWUYEHUS U YMEHbILIEHMS
PE30HAHCHON YacTOThl KOpIlyca TPOMKOTOBOPUTEJIS.
Taxxe B pabdore [10] mpeacraBiaeHbl pe3yabTaThl U3-
MEpPEHUI PE30HATOPOB C PA3IMYHBIM PACIIOIOXEHUEM
BXOJHOTO aKyCTMYECKOI'O OTBEPCTHs, MOATBEPXKIAIO-
e 31oT 3¢ ¢ekT. Takum 00pa3oM, 3aBUCUMOCTD pe-
30HAHCHOW YaCTOThI OT MOJOXEHMST OTBEPCTUSI MOXHO
HCTOJIb30BaTh ISl TOYHOM MOACTPONKM pe30HAHCHOM
YacTOTHI KOpITyca.

B nanHoli paboTe pacCMOTpeH KOPIIyC C OIHUM
OTBEpCTHUEM, TaK KaK 00brdyHO B MOMC-Mukpodo-
Hax HCIIOJb3yeTCsl UMEHHO OHO OTBEPCTUE AUaMeT-
poM 200...400 MkM. YBeauueHUe pa3Mepa OTBEPCTHUS
TTO3BOJISIET YBEJIMUUTH PE30HAHCHYIO YaCTOTY KOpITyca,
OJIHAKO TIOBBIIIAET BEPOSITHOCTh MOMagaHUs TbUIM B
HagMeMOpaHHBIM 00BEM.

VBenuueHrne pPe30HAHCHOW 4YacTOThl MPU Y3KOM
BXOJTHOM OTBEPCTUU OOBSICHIETCS TEM, UTO BO3AYX Te-
YyeT yepe3 OTBepCTUE B BUIE JJAMUHAPHON KUIKOCTH,
U CKOPOCTh MOTOKA B LIEHTPE KPYIVIOTO aKyCTUUECKOro
OTBEPCTHUS 3HAUUTEJIbHO MEHbIIIEe, YeM 110 KpasMm [11].
Jns y3Koil 1ieaM yMeHblIeHUe CKOPOCTU MOTOKa He-
3HauuTeabHO. TakuM o0pa3oM, Y y3KOHW IIEJIM BO3-
pactaeT 3(pdeKTuBHAs IUIOIIAAb aKyCTUYECKOro OT-
BEpPCTUSI, a MPU YBEJIMUYEHUM TUIOIIAAM BO3pacTaeT
pe3oHaHcHas yacTtoTta. B pabore [12] mpencTaBieHO
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TeopeTUYeCKOe 000CHOBaHME BIUSHUS (DOPMEI OTBEP-
CTUSI Ha TTPOBOAMMOCTD.

B paGore [13] mpemnoxeHbl pa3adyHble (POPMBI
aKkycTtuyeckmnx orepctuit wist MOM C-MuKpohoHOB, B
TOM 4YMCJI€ KOPIYC C IISIThIO Y3KMMMU 1UeasaMu (puc. 7).
I'maBHas 1Lie1b aBTOPOB M300peTeHUST — 3alluTa Kar-
CIOJISI OT MBUIA U BHELIHUX BO3INEUCTBUMA.

BOddexrt BausHUSI POPMBI OTBEPCTUSI HA pe30HAH-
CHYIO YaCTOTY MCIIOJIb30BAJIUM U3BECTHBIE CKPUTTUYHbIE
mactepa [11]. Eciu B X Beke cKpuIKa mMena B JeKe
IIPOCTOE KPYIJIoe aKyCcTuYecKoe oTBepctue (puc. 8, a,
CM. TPETHIO CTOPOHY O0JIOKKM), TO II0 MEPE 3BOJIIOLIU
U YBEJUYEHUS PE30HAHCHOW YacTOThl OHO CTaHOBM-
JIOCh Bce 0oJiee BBITSIHYTBIM U y3KUM (puc. 8, b—e) u
B XVI-XVIII Beke MNpuHSIO CIOXHYIO f-00pa3Hylo
dopmy (puc. 8, f). Ha puc. 8 (cM. TpeTbI0 CTOPOHY 00-
JIOKKHM) CKOPOCTb MOTOKAa HOpPMaiM30BaHa CpeaHeit
CKOPOCTBIO MOTOKA BO3AyXa YEpe3 KPYIjoe pe30Ha-
TOPHOE OTBEPCTHUE.

3akioueHue

B pabGote npencraBieH criocod CBSI3aHHOIO CTPYK-
TYPHO-aKyCTUUECKOr0 rapMOHMYECKOIro pacuera Xa-
paktepuctuk MOMC-mukpodoHa. PaccMoTpeHo Biu-
STHHAE TOJIOXEHUST aKyCTUUecKoro orBepctust Ha AUX.
VcraHoBaeHO, YTO TIpU NPUOJMKEHUN OTBEPCTUSI K
rpaHsIM KOpIlyca yMEHbILaeTCcsl 3HaUeHUEe Pe30HaHC-
HOI 4aCTOThI, U 3TO OTPULIATEIHHO BIMSET Ha XapaKTe-
PUCTUKY MUKpodoHa. MakcuMaibHOE 3HaUYEHUE pe3o-
HAHCHOM 4YacTOThl HAOJI0JAETCSl Y MOJEIN C aKyCTH-
YEeCKUM OTBEPCTHMEM B LIEHTPE BEpXHEH MOBEPXHOCTU
KopIIyca.

Taxoke BBITTOJTHEH pacyeT BIUSHUS (POPMBI OTBEp-
crug Ha AYX. YcraHoBIeHO, YTO NpU OJUHAKOBOM
TUIOLLIAAN CEUYCHUSI MOEIb C OTBEPCTUEM B (hopMe 1ie-
JIM UMeeT 0oJiee BHICOKOE 3HaYeHUEe PE3OHAHCHOM yac-
TOTBI, YEM MOJIEIb C OTBEPCTUEM KPYTJION MJIN TTPSIMO-
YTOJIbHOM (DOPMBI.
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Takum obpazom, nipu paszpadborke MOMC-Mukpo-
(hoHa ¢ momoliblO BbIOOpA NapaMeTpoB KOpIlyca BO3-
MoxHa KoppekTtupoBka AUX. M3MeHsss pa3mep Haa-
MeMOpaHHOro 00beMa, (POPMbI 1 TTOJIOKEHMST aKyCTH-
YECKMX OTBEPCTUI, BO3MOXHO U3MEHUTH PE30HAHCHYIO
yacTtoty Koprnyca MOMC-mukpodoHa B LIMPOKOM
nuana3oHe 4acToT. KoHeuHo-3/1eMeHTHOE MOACIMPO-
BaHMeE TTO3BOJISIET MPOBECTU TOYHBIM pacyeT U J0CTUYb
TpeOyeMbIX XapaKTepUCTUK U3IETUs Ha 3Tare MpoeK-
TUPOBaHMUSI.
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The acoustic port parameters significantly influence on the MEMS-microphone characteristics in particular on its frequency response.
1t is necessary to use finite element modeling for calculating the frequency response of a MEMS microphone due to the complexity of its

body design.

In this paper we have considered the influence of the acoustic port position on the frequency response of MEMS microphone by
means of structural-acoustic harmonic analysis in ANSYS. It is shown that the front chamber resonant frequency decreases when
acoustic holes are approaching to the walls of the package. We have also investigated the influence of the acoustic ports shape on
the MEMS microphone frequency response. Three variants of the acoustic port shape are considered and it is shown that the resonant
[frequency is increasing while the hole width decreases. It is shown that the optimal shape of the acoustic inlet is a long narrow slit.

The dependence of the resonant frequency on the hole position and shape can be used for fine-tuning of the front chamber res-
onant frequency. Thus, by selecting the certain parameters of the MEMS-microphone body during its designing, it is possible to adjust
the frequency response. Finite element modeling allows us to calculate accurately and achieve the required characteristics of the

product at the design stage.
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Introduction

The size and position of the acoustic port in the body in-
fluence the characteristics of the MEMS microphone. There
are two main kinds of bodies for a MEMS microphone: with
a port in the base and with a port in the lid [1]. This article is
devoted to the MEMS microphone design with a port in the lid.

The greatest influence on the frequency response of a
MEMS microphone is rendered by the sizes of the front
chamber and the back chamber [2]. The front chamber is the
volume between the acoustic port and the diaphragm, and the
back chamber is the volume behind the diaphragm [3]. The
acoustic port and the front chamber form an acoustic reso-
nator.

For achievement of high characteristics of the MEMS mi-
crophone, the resonant frequency of the front chamber
should be higher than the working range of the microphone
frequencies, because the resonant peak in the working range
increases the non-uniformity of the frequency response of the
MEMS microphone. The resonant frequency can also be in-
creased due to a bigger diameter of the acoustic port. A re-
duction of the back chamber lowers the sensitivity. Influence
of these parameters is described well by the analytical formu-
las and the approximated models [4, 5].

The work presents a study of the influence of the position
and the form of an acoustic port on the frequency response
of the MEMS microphone. In view of the complexity of the
analytical approach, for calculation of the influence of these
parameters on the frequency response of the MEMS micro-
phone, the finite-element modeling was used.

1. MEMS microphone model

A three-dimensional model of the MEMS microphone
(fig. 1) consists of a diaphragm fixed on elastic suspensions,
a motionless perforated electrode over it, and an acoustic en-
vironment in the body of the MEMS microphone. The model
contains several acoustic ports, which were used in turn.

Calculation was done by means of ANSYS software com-
plex. For modeling the linked structural-acoustic harmonious
analysis was chosen. It was assumed, that the environment
could be compressed and there was no mass transfer [6].

The calculation used elements of SOLID187 for the me-
chanical model of the diaphragm and of FLUID221 for the
model of the acoustic environment in the body. The material
of the diaphragm was polysilicon; the environment was air. It
was assumed, that the preamplifier crystal, the capsule crystal,
the walls of the lid and the printed-circuit board were warp-
free and for economy of the computing resources were set by
the boundary conditions. Also for the purpose of saving of the
computing resources the symmetry condition was used (ex-
cept for the models with the ports of 8 and 10, for them a full
model was calculated).

Low Reduced Frequency approximation was applied for
modeling of the propagation of the acoustic waves in the air gap
between the diaphragm and the electrode [7]. For the purpose
of saving of the resources, the function of interaction of the
acoustic environment and solid body was used only for the air
gap and the air layer contacting with the diaphragm (fig. 2).

For description of the conditions of reflection and refrac-
tion of sound, on the boundary of the air environment, the
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boundary condition of the acoustic resistance was applied to
all the external sides:

7= pc, (1)
where Z — acoustic resistance; p — density of the environ-
ment, ¢ — speed of sound in the environment.

2. The simulation results of MEMS-microphone

As a result of modeling the distributions of the acoustic
pressure in the body and deformation of the diaphragm were
received.

Fig. 3 presents the pressure distribution in section of the
body with a port in the centre on the frequency of 8§ kHz.

On the basis of deformation of the diaphragm the frequen-
cy response of the microphone was constructed (fig. 4). The
numbers of ports are specified in conformity with fig. 1.

As one can see from the received characteristics, the res-
onant frequencies for the models with an acoustic port on the
side, next to capsule / and on the side, next to preamplifier 2,
differ insignificantly (4071 and 4077 Hz). The same is ob-
served for ports 5 and 6 (3892 and 3908 Hz), 3 and 4 (4140
and 4163 Hz). The maximal resonant frequency is observed in
the model with a port in the centre 7(4192 Hz). The resonant
frequencies of the model with a port next to the preamplifier
and of the model with a port next to the capsule coincide. The
resonant frequency decreases, when the port approaches the
facets of the lid (characteristics 5, 6, 9and 10). Model 8 with
a port in the corner (3625 Hz) has the minimal resonant fre-
quency i.e. the resonant frequency decreases, when the acous-
tic port approaches to the body’s walls.

The influence of the form of an acoustic port on the fre-
quency response of the MEMS microphone was also consid-
ered. Calculations of three acoustic ports with the identical
areas of section and different forms were done. The forms of
the ports are presented in fig. 5.

Fig. 6 presents the results of calculation of the breadboard
models with various forms of a port in the centre of their bodies.

The minimal resonant frequency corresponds to the port
with a round section. For the port of a rectangular section the
resonant frequency increased by 300 Hz. With a reduction of
the width of the port, the resonant frequency increased (fig. 6).
The maximal resonant frequency was observed in the model
with the port in the form of a narrow slit.

3. Analysis of the results

As a result of modeling it was revealed, that the resonant
frequency depends little on the position of an acoustic port.
The difference between version § with the minimal resonant
frequency and version 7with the maximal frequency equals to
567 Hz. Variation of the resonant frequency is explained by a
change in the attached length of the resonator throat [8]. The
attached length is a calculation term expressing the influence on
the resonant frequency of the additional inertial forces caused
by presence of the quickly fading non-uniform waves in the vi-
cinity of the resonator throat [9]. The resonant frequency of the
resonator can be calculated under the following formula:

_ e[S
fo—z—njgy, @)

where ¢ — speed of sound in the environment; V' — resonator
volume; §; — area of the cross-section of the resonator
throat; [, = I + [, — effective length of the resonator throat;
| — actual length of the throat; lnp — attached length of the
throat, which consists of the attached length of the throat from
the internal /; and external /, sides of the resonator throat [8].
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In [10] this effect was used for the acoustic system with a
relocatable port (phase inverter) for an increase and reduction
of the resonant frequency of the body of the loudspeaker. The
results of measurements of the resonators with different po-
sitions of the input ports, confirming this effect, are also pre-
sented in [10]. Thus, the dependence of the resonant frequen-
cy on the position of the port can be used for a fine tuning of
the resonant frequency of the body.

The given work presents a body with one port, because
usually one port with diameter of 200...400 um is used in the
MEMS microphones. A bigger size of the port allows us to in-
crease the resonant frequency of the body, however, it raises
the possible appearance of dust in the front chamber.

The increase of the resonant frequency at a narrow en-
trance port is explained by the fact that the air flows through
the port in the form of a laminar liquid and the speed of the
flow in the centre of the acoustic port is considerably less,
than in the area along the edges [11]. For a narrow slit a re-
duction of the speed of the flow is insignificant. Thus, at an
narrow slit the effective area of the acoustic port increases,
and with the area increase the resonant frequency grows. In
[12] a theoretical substantiation of the influence of the form
of a port on the conductivity is presented.

In [13] various forms of acoustic ports for the MEMS mi-
crophones, including a body with five narrow slits (fig. 7), are
offered. The main objective of the holders of the inventors is
protection of the capsule against the dust and the external in-
fluences.

The effect of influence of the form of a port on the resonant
frequency was used by the known violin masters [11]. If in the
10t century a violin had a simple round acoustic port in its deck
(fig. 8, a, see the 3 side of cover), in the process of evolution
and increase of the resonant frequency it became more and
more extended and narrow (fig. 8, b—e, see the 3 side of cov-
er), and in 16—18™ centuries it acquired a complex f~shaped
form (fig. 8, f, see the 3" side of cover). Fig. 8 (see the 3" side
of cover) presents the speed of a flow normalized by the ave-
rage speed of the air flow through a round resonant port.

Conclusion

The work presents a method of the linked structurally-
acoustic harmonious calculation of characteristics of a MEMS
microphone. The influence of the position of an acoustic port
on the frequency response is also considered. It was estab-
lished, that the port’s approach to the body sides decreased
the value of the resonant frequency and influenced negatively
the microphone’s characteristics. The maximal value of the
resonant frequency was observed in the model with an acous-
tic port in the centre of the top surface of the body.

Also a calculation was done of the influence of the form
of a port on the frequency response. It was established, that
at the identical section areas the model with a port in the form
of a slit had a higher value of the resonant frequency, than the
model with the port of a round or rectangular form.

Thus, during development of a MEMS microphone it is
possible to adjust the frequency response by means of selec-
tion of the parameters of its body. Variation of the size of the
front chamber, of the forms and positions of the acoustic
ports, allows us to change the resonant frequency of the body
of the MEMS microphone in a wide range of frequencies. The
finite-element modeling allows us to implement an accurate
calculation and reach the demanded characteristics of a prod-
uct at the stage of its designing.
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BO3MOXXHbIM CNOCOBb YBEAUYEHUS PABOYETO HAMPSOKEHUS
TEPMO3MUCCUOHHbBbIX MPEOBPA3OBATEAEM DHEPTUM

Ilocmynuna ¢ pedaxyuro 16.02.2018

Paccmompera 603moxcHOCMb NOBbIUIEHUS PADOHe20 HANPANCCHUS MePMOIMUCCUOHHBIX NPeopazoeameneli IHepeul ¢ HOMOULLIO
MAZHUMHO20 NOASL, "NPUNCUMArOULe20” 21eKMPOHbL K NOBEPXHOCMU OusNeKmMpUKa. Boiuucieno Hanpsicerue meycdy KoaieKkmopom
U IMUMMEPOM, c030a8aemoe Meniogbim 08UNCCHUEM IAEKMPOHO8, NPU OAHHBIX 3HAYEHUSX MOKA IMUCCUU, CONPOMUBACHUS Ha-
2pY3KU, MACHUMHO20 NOAS U PACCIMOSHUS MeNCOy IMUMmMepom u Koarekmopom. Ilpedaoscer cnocod ygeauvenusi smoeo Hanpsi-
acerust. [Ipu ebiuUCAeHUSX UCNOAb308AHbI CMAHOAPMHOE PACNPedeNeHle HACMUY, O CKOPOCMSM U YeAam 6bliema nocie 0ecopoyuu
U uzeecmmoie (hopmyavl, ONUCHIBAIOWUE MPACKMOPUU 08UNCCHUS INCKMPOHO8 8 CKPEUCHHBIX MACHUMHOM U IAEKMPUHECKOM NOSX.

Karouesnie caosa: mepmosmuccuoHHblll npeodpasoeament SHepeul, MepmMo31eKmpoHHAs IMUCCUSA, MeENN080e OBUNCEHUE INEK -
MPOHO8 6 8aKyyMe NPU HAAUMUU MACHUMHO20 NOAS, A0copoyulu U decopoyuu ¢ NOBePXHOCMU OU3NeKMPUKA

BBenenune

TepMoaMucCUOHHBIE IIpeoOpa3oBaTeil 3HEPIrUU
(TOI1) ucnonb3yloT Ajs1 HEMOCPEACTBEHHOTO IMPeos-
pa30BaHMS TETUIOBOI SHEPTUH B JICKTPUIECKYIO SHEp-
TMI0 Ha OCHOBE SIBJICHUSI TEPMOIJIEKTPOHHOM dMUC-
cuu [1—3]. 1o poay uCcTOYHMKA TETJIOTHI pa3InvaloT
siiepHbIe (peaKTOpPHbIE U paIMOU30TONHEBIE), COTHEY-
Hele 1 rasomnamMeHHble TOII. B gnepapix TOII [4]
HCIIOJIB3YETCS TETUIOTA, BBIACISAIONIASACS B pe3yJIbTaTe
peakuuu siaepHoro AeneHusi (B peakTopHbix TOIT)

WIM pacnaga paguoakKTUBHOIO U30ToIa (B paauou30-
toniHbIX). B 1970 1. B CCCP co3naH mepBBIii B MUpE
TEPMOBMUCCUOHHBIN TIpeoOpasoBareib-peakTop "To-
na3" 3JeKTPUUECKOM MOLIHOCThIO oKojio 10 kBT [5].
B snexrpuueckyio sHepruo ¢ momoipio TOI1 MmoxeT
TaKXe TpeoOpa30BLIBATHCSI DHEPIUS U3TYYEHUS COJI-
HeyHoro (¢ mpuMeHeHUeM [elTMOKOHIIEHTPATOPOB)
uinu jgazepHoro [6]. I'azomnamennbsie TOII paGoraior
Ha TeIJIOTe, BBIACISIOLIECS TIpU CXXUTAHUU OpTaHU-
yeckoro Toriuea. [1o cpaBHEHUIO ¢ TPaAULIMOHHBIMU
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5JIEKTPOMAIIIMHHBIMU  TIPe00pa30BaTeISIMU  BasKHBIM
npeumyinectBoM TOII gBISAIOTCS OTCYTCTBHE B HUX
JBYDKYIIAXCSI 9acTeit, KOMITAKTHOCTD, BRICOKAs HAIEX-
HOCThb, BO3MOXXHOCTh 3KCIUTyaTallii 0e3 cucTeMaTH-
yecKoro oociyxkuBaHus. MIx 6osee 1IMpOKOMY ITpUMe-
HEHUIO TIPEISTCTBYEeT OTHOCUTENIEHO Majloe 3HAaUCHHE
aJieKTpuueckoro HanpskeHus. TOI, y KoTopbix OyaeT
yCTpaHEH 3TOT HEIOCTAaTOK, MOTYT HAaWTH OoJjee IIM-
poKoe TIpUMEHEeHNE, BKIII0Yash MUKPOCUCTEMHYIO TEX-
HUKY. B naHHO#1 paboTe paccMaTpuBaeTCsl BO3MOXHbII
croco0 yBenmuyeHus: padodero HanpsokeHus TOIT.

IIpurmun padoTsr TOII

Kaxk u3BectHo, padbora TOII ocHoBaHa Ha SIBIEHUU
TePMODJIEKTPOHHOI amuccun (3ddekre DaucoHa) —
HWCIYCKAaHUY 3JIEKTPOHOB HATPETBIM METATMYECKIM
9MUTTEPOM (KaToaoM). [T10THOCTh TOKa 3MUCCUM OTI-
penensiercsa ¢popmynoii Punuapncona — Jlemmana:

rem = ATzexp[ k—;P—J (1)

rae ep — pabora Bbixoga; A ~ Ay(1 — R,); R, — Ko-
3G OUUUEHT OTPaXEHUs 3JIEKTPOHA OT MMOTEHLMANb-

| |
: 1 load heat :
‘7
| anode - |
I 3 v ? v I
: a + era o Vk , ~ kBT‘/\ :
| Vload load Tk >T ? mvkz LFE € |
I a — I
| 2 |
| cathode + | |
| |
| |

A1 Fheal T

Puc. 1. DiekTpoHbl, BbUIETAIOMINE U3 IMUTTEPA, KOTOPHIM SIBJISIETCS
katox (cathode), B 0oJbIeM KOJIMYECTBE, YeM M3 KOJLIEKTOpA, SAB-
JisomeMcs anoaoMm (anode), Koraa TeMneparypa KaToaa 0oJbliie, 4emMm
y anona (T > T,) u paGoThl BBIXOJA PABHEI €Q; = €, He MOTYT NOJ-
HATHCA B OTEHIUAJIBHOM 3IEKTPHYECKOM I0JI€ HA BBICOTY, 0O0JIbIIYIO

. 2

UX KMHeTHYecKoii sneprun E;, = mvj /2. IloaTomMy pa3HOCTb NOTEH-
muanos ¥, Mexay aHOJOM M KaTOIOM He MOXKET CYHeCTBEHHO npe-
BbICHTD k T} /e naxe npu Hedobmom Toke I, ,, narpy3ku (load), Tak

KaK KMHETHYECKasi 3Heprusi TEIIOBOro JBHKEHHs OOJbileil 4acTd
3JIEKTPOHOB He npesbimaer kgly, a anekrpons ¢ £, < eV, ne moryr

noaereth 10 anoxa. Iloaromy mommocts narpyska W, < I ,Vy, e
moxer npesbicuth LkpT; /e, tne I, = Sj, — TOK amMuccuu KaToaa
Fig. 1. The electrons, which depart from the emitter (cathode), in a bigger

quantity than from the collector (anode), when the temperature of the
cathode is higher than that of anode T > T, and the work functions are

equal to epy, = eg,, cannot elevate in the potential electric field to a height

=m vi /2. Therefore, the potential dif-
ference Vy, between the anode and the cathode cannot exceed consid-
erably kpT,/e, even at a small load current I,,,,, because the kinetic

energy of the thermal movement of most of the electrons does not exceed
KgTy, while the electrons of Ej < eV, , cannot reach the anode. There-

Jfore, the load power Wjy,q < Iy .V, cannot exceed IikpTy/e, where
I, = Sj;, — emission current of the cathode

exceeding their kinetic energy E;,
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HOTO Gapbepa; Ay = 4nmeky /> ~ 1,2+ 100 A/M?K? —
KOHcTaHTa Puuapncona; kp — koHcTaHTa bosbliMaHa;
h — xoHctaHTa [1nanka [7]. [1pu oguHakoBo# padbote
BBIXOJIa KaToJa U aHO/a epy = ep, = e TOK U3 IMUT-
Tepa MHOFO OoJibllle TOKA U3 KO.J'U'[eKTOpa Jem, k =
= ATk exp(—ep/kgTi) > jiom. 4 —AT exp(— eq)/kBT)
MPU OTHOCUTEJILHO HEGOJTBLLION pPa3HOCTHU TeMIIepaTyp
mexay aumu: Ty > T,. Hanpumep, nipu Temneparype
smurrepa (karoga) T, = 2000 K u ep = 3 3B = 3 kyp
11 605 K = kp 34 815 K Toku paznuyatorcs B 100 pa3
npyu TeMmmeparype Kosuiekropa (aHoma) 7, ~ 1620 K.
Ho pasHocTh MOTEHIIMAIOB B 3TOM Cllyyae He MOXET
CYLUECTBEHHO MpeBbICUTh V), ~ kpT)/e naxe npu He-
00JIbIIOM TOKE Harpy3ku (puc. 1), Tak Kak y OoblIei
YacTH SJIEKTPOHOB KMHETWUYECKasl SHeprus y Karoaa
HE MPEBbILIAET kpT) X OHU HE MOTYT MOAHATBLCS B I10-
TEHLMAJILHOM I10JIe Ha BBICOTY, Ooubluyio kg7 /e, KO-
TOpast Majla MpU peajibHbIX TeMIepaTypax, Halpumep
kBTk/e ~ 0,17 B IIpu Tk = 2000 K.

ITosromy B TOII, ucnonb3yeMblx B HacCTosIEe
BpeMs, pabouee HaIpssKeHUE yBeanMBaeTcsI 3a cyer
KOHTAaKTHOM Pa3HOCTH MoTeHuuanos V,,, = - ¢,
[1]. 11 3TOro MUTTEP M3TOTOBISIOT M3 MeTaJma C
Oouibllielt paboTOl BbIXOJA, YEM Y MeTaslla KOJUIeK-
Topa eq; > ep,. IIpu 3TOM B OT/IMYME OT Ciyyasi, KOr-
Ja e, = ep,, SMUTTEP 3apsKAETCA OTPULATENLHO, a
KOJIJIEKTOp TIOJIOKUTEIHHO 3a CYeT KOHTAaKTHOM pa3-
HOCTH NOTEHLUANIOB V, , MEXIY METalJIaMu C Pa3HOM
paboToll BbIXOJA B MECTE€ HX HEMOCPEACTBEHHOIO
BJIEKTPUUECKOr0 KOHTAKTa, 3aMbIKAIOIIEro 3JeKTPU-
YecKylo IIelh Ha Harpy3kKy. KmHeTmdeckas sHeprus
3JIEKTPOHOB B 3TOM CJIydyae HE YMEHbIIIAETCs, a YBEJIU-
yuBaeTCs MpY IBIKEHUWU B BaKyymMe OT BMUTTepa K
KosekTopy. IIpu OTCyTCTBUM pa3HOCTU TeMIlepaTyp
MEXIy 3MHUTTEpOM M KOJUIEKTOPOM HaIpsDKeHWe Ha
Harpyske 1 TOK OTCyTCTBYIOT. 1151 paboThl TOIT amuTt-
Tep HarpeBaeTcs, a KOJUIEKTOp oxJaxmaeTcsa. Makcu-
MaJIbHO BO3MOXHOE HampsKeHHe Ha Harpy3ke paBHO
KOHTAaKTHOM Pa3HOCTH MOTEHUMANoB V., = ¢, — ¢,
[1]. HanpsixkeHue Ha Harpy3ku peanbHbIx TOIT 00bIY-
HO He npeBbiaeT 1 B. MoluHoCTh, ITpeacTaBisoniast
MPaKTUYECKUI MHTepeC, TOIyYaeTcs 3a CYET O0IbIION
IJIOTHOCTU TOKA C €IWHUILIBI TIOBEPXHOCTH SMHTTEpA,
MopsIaKa AeCITKOB aMIlep Ha KBaAPaTHBIN CAHTUMETP.

"JleceHka" mjisi IEKTPOHOB

B wusBectHbix TOII ucnonb3yeTcs KOHTaKTHas
Pa3HOCTh MTOTEHIIMAIOB, TaK KaK 3JIEKTPOHEI C BHEP-
rueit kgT) =~ 0,17 5B He MOTYT MOANPHLITHYTH B IO-
TeHILMAJbHOM IT0JIe Ha BBICOTY naxe B 1 B (puc. 1),
TaK Xe KakK 4eJOBEK He MOXET MOAMPbITHYTh Ha BbI-
coty 5 M. Ho yemoBek MOKeT MOAHSITLCS HA 5 M 1 BBI-
e o jectHuue. B naHHoli pabote Mbl (haKTUUECKU
paccMaTpuBaeM "JleceHKy" I 3JeKTPOHOB (puc. 2).
TeruioBoe nBUXKEHUE 3JEKTPOHOB, B OTJIMUME OT JABU-
JKEHUs YesIoBeKa, LeIeyCTPeMJIEHHO MOAHMMAIOIIEro-




s TI0 JIECTHUIIE, SIBJISIETCSI XaOTUYHBIM. HO B MarHuT-
HOM [0JIe 3TO IBUXKEHUE HE SIBJISIETCSI COBCEM XaOTHY-
HbeiM. Korna pinHa cBoGomaHOro npobdera 3JeKTPOHOB
0oJIbllIe TApMOPOBCKOIO paguyca lmﬁ) > rg = mv ,/eB,
BCE OHU ABMXYTCS MO Kpyry, Jiexallemy B IIOC-
KOCTH, TepHeHAUKYISIPHOII MarHUTHOMY noJyiio B, B
ofHOM HampaieHuu (puc.2); m U e — Macca u
3apsil 3JIEKTPOHA; v, — IPOEKLUMS TEILUIOBON CKO-
pPOCTU DBJIEKTpOHA Ha IJIOCKOCTb, IMEPHeHAUKYJISIP-
Hyio B. IIpu peanbHbIX 3HAaUYEHUSIX MATHUTHOTO TOJISI
B>0,01 T cKOpOCTH TEIUIOBOTO ABMKEHUS DJIEKT-
POHOB v, = (2kgT/m)'/? < 2,5 10° m/c mpu T'< 2000 K
JJADMOPOBCKUI pajuyc He TpeBbIIIACT 3HAYEHUS
Ig < mvp/eB ~ 150 mxm. ITosTOMYy mIsT BBIIOTHEHUS
YCIIOBUS lmfp > r, He TpeOyeTCsi CO3aHMUsI CBEPXBBI-
COKOTro Bakyyma. JIBMxKeHMe B MAarHUTHOM MOJiE He
U3MEHSAET SHEPIUU, TaK Kak cuia Jlopenua F; = vB
MepreHAUKYIsIpHa CKopocTy 31eKkTpoHa. Ho cuna Jlo-
peHIIa MOXeT "TIPMKUMATD" DJIEKTPOHBI K TUIJIEKTPH-
YECKON MOBEPXHOCTUM M TaKUM OOpPa3oM CO3AaTh IS
HUX "NMeceHKky" (puc. 2).

I[BH}KBHI/IC JJICKTPOHOB B CKPCIICHHBIX MArHUTHOM
H JIEKTPHYECCKOM MOJIAX

IIpu OTCYyTCTBHMU pa3HOCTM TMOTEHIMAIOB MEXIY
SMUTTEPOM U KOJUIEKTOPOM 3JIEKTPOHBI, BbLUIETEBIINE
13 OMUTTEPA, JOJKHBI JBUTATLCS B BaKyyMe IO KPYyTy
(puc. 2). x TpaekTopusi B IJIOCKOCTU Xy, MepHeHIN-
KyasapHoit B = (04, Oiy, Bi,), nocine BbuieTa nipu 1 = 0
C IUIOCKOI MOBEPXHOCTH yz MOJ YIJIOM 0, K Harpas-
JIEHUIO X B IJIOCKOCTU Xy ONMUCHIBAETCSI BbIPAXKEHUSIMU
x= sin(ey +H-— sinb, u y = cosd, — cos(ey + 7). B nan-
HBIX BBIpAXECHUSX B Ka4eCTBE COWHUIIBI UIMHBI WIC-
TOJIb30BAH JIADMOPOBCKUiA pamuyc r, = mv,/eB, a
e[lMHMLIA BPEMCHI — BelMuMHa 1/ = m/eB = r,/v |,
obpaTHas TapMOPOBCKOIi yactore o = eB/m. I1onoxe-
HUE LIEHTPA Kpyra x = —sind,, 110 KOTOPOMY IBIXKYTCsI
BJIEKTPOHBI OTHOCUTEIHLHO TTOBEPXHOCTH TU3IEKTPUKA
x =0, onpenesnsiercs yriiom Bblieta 0, [Tpoexiust cko-
pOCTH v,, HANpaBJIeHHAas BIOJb MAarHUTHOTO MOJis,
OCTaeTCsi HEM3MEHHOM TOC/e NeCOPOLMU U I = U, L.
DJIEKTPOHBI MOTYT BBUIETETh MO JIIOOBIM YIJIOM 0 OT-
HOCUTEJIbHO HampaBlIeHUs X, MNepHeHAUKYISIPHOTO
MOBEPXHOCTU IU3JIeKTpuKa. BepositTHocTh P pacmpe-
JeJICHUS 3J€KTPOHOB IO CKOPOCTSIM v M yIjIaM BbLIe-
Ta 0 nocJye 1ecopolKM MOXET ObITh ONMCcaHa CTaHaAap-
THOU (hOpMYyJIOit

2
P=P v%os&)exp(—m—vj . 2)
0 kgT

Vrael 0, ey CBSI3aHbl COOTHOIIEHUEM siney =
= sinBcos0,, rae yroi 0, = arctg(vz/vy) omnpeaesieT Ha-
MpaBJieHUe TMPOEKLIUU CKOPOCTU Ha IIOCKOCTh VZ.
[Toka oTcyTcTBYeT PasHOCTb MOTEHLHMANOB, V), = 0,
BCE 2JIEKTPOHBI, BBIJIETEBIINE C INIOCKOI TOBEPXHOCTU
IMaJIeKTpuKa 1on yriamu 0,57 > ey > —0,57, JOIKHBI

Puc. 2. CneBa noka3an ciyyaii TeNnioBOro JBMKeHHUs 3IEKTPOHOB OT
3MUTTEpPa 1 K KOJLIEKTOPY 2 B MATHUTHOM H0Jie, HAPABJIEHHOM BJ0JIb
7, MEPIEHANKYJISAPHO IUIOCKOCTH PHCYHKA, BIOJb NMOBEPXHOCTH M-
9JIEKTPHKA 3 B CJyYae OTCYTCTBHA Pa3HOCTH NOTEHIHAIOB V.
B 3ToM ciiyyae 3JeKTPOHbI, ABUTAACH MO KPYTY, 1OJDKHBI BEPHYThHCS
Ha NOBEPXHOCTD NpH J11000M yrie Bbutera 0,. Cnpaa nMoKa3aHo, 4To
3JIEKTPOHBI, BbIJIETEBLINE U3 SMUTTEPA 1, IONAAIOT HA MOBEPXHOCTh
JAMDJIEKTPHKA NOJ AeicTBMeM npuxumalomero nois Eq, co3nasa-
emoro He0oJbIIOH pa3HocThio moTennuanos Vp. ITocie Kaxaoro
NOCJIEYIOMIET0 AKTA AeCOPOINH OHHM JOJIKHBI MOAHAMATHCS K KOJI-
JIEKTOPY 2, ABUTasiCh B MATHUTHOM M JJIEKTPHYECKOM MOJISIX MO TPa-
eKTOpHusIM, onuchiBaeMbiM ¢opmynamu (3), B cucTeMe KOOPAMHAT
x'— y', noBepuyToii Ha yron ¢ = —arctg(E,,/E)), rne E,, — npn-
JKuMaioliee 3JeKTPHYeCKoe 1oJie, CO3JaHHOe PA3HOCTHIO MOTEHIH-
anos Vy; E, ~ Vy,/I;, — anextpudeckoe noie, CO31aHHOE JJIEKTPO-
HAMH, NOJHABIIMMUCS OT SMUTTEPA 1 K KOJLIEKTOPY 2, BIOJIb NOBEP-
XHOCTH JUIJIEKTpHKA 3

Fig. 2. To the left the case is presented of the thermal movement of the
electrons from the emitter 1 to collector 2 in the magnetic field along
z, perpendicularly to the plane of the figure, along the surface of di-
electric 3 in absence of the potential difference V). In this case the
electrons moving in circle must come back to the surface at any angle
of departure 0, To the right the case is presented when the electrons,
which departed from emitter 1 come to the surface of the dielectric under
the influence of the pressing field E, , created by the potential difference

V. Afier each subsequent act of desorption they have to rise to collector 2,
moving in the magnetic and electric fields by the trajectories described
by formulas (3) in system of co-ordinates x' — y' turned by the angle
of ¢ = —arctg( Exg/Ey), where E, , — the pressing electric field, created
by the potential difference V. E, =~ Vy,/ly, — the electric field, created
by the electrons, which raised from the emitter 1 to the collector 2 along
the surface of dielectric 3
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BEpPHYTHCSI Ha IIOBEPXHOCThH (pHUC. 2 clieBa) U TaKUM
00pa3oM MOAHSATHCS 110 "JIeceHKe" OT AMUTTepa K KOJI-
Jektopy. [lepeMelieHre 37€KTPOHOB CO34aCT PA3HOCTh
NOTeHLMANOB Vy, 1 anekrpudeckoe nose £, ~ Vi, /Iy,
MEXIY SMUTTEPOM U KOJJIEKTOpOoM. JIBUXKeHue 3apsi-
>KEHHBIX YaCTH1l B CKPELLIEHHBIX MOJISIX TOAPOOHO OMu-
caHo, Hanpumep, B § 22 pabortsl [8]. Cienys: tJaHHOMY
OIKMCAHMUIO, TTOJYYaeM BbIPpaKEHMSI

x= (cosey + ¢)sint — siney(l —cost) —et; (3a)

y= sineysint + (cosey + €)(1 — cos), (3b)

B KOTOPBIX ITOSIBUJICSI HOBBIM WIEH & = Ey/v | B, omnu-
CHIBAIOIINI BIMSTHUE 3JIEKTPUUECKOTO OIS Ha TpaeK-
TOPUIO 3JIEKTPOHA Tociie Aecopoimu nipu ¢ = 0 mox yr-
70M 0. TpaeKTOpHH, OMUCHIBACMbIC BBIPAXKCHUSIMU 3),
TaKOBH 41O TIpH £ > 0 Bce 3JEKTPOHBI, BEUICTEBIIINE
nox Jo0sMu yriiamu 0,57 > ey > —0,57 ¢ mnockoii mo-
BEPXHOCTH, AOJKHBI BEPHYTHCSI Ha 3TY MOBEPXHOCTb.
DIIEeKTPOHBI, TTOTHSABIIUECS OT 3MUTTepa K KOJUICK-
TOpY, CO3IAIOT dIeKTpuieckoe noe £, ~ Vi, /l,, co-
otBerctBytoniee ¢ < 0. Mcnonb3yst BeipaxkeHus (3),
MOXHO BBIYMCINTD YIJIBI BbUICTA 0, MPHU KOTOPBIX
BJIEKTPOH BEPHETCSA Ha TOBEPXHOCTh, IUIST KaXKIOTO
3HaueHud ¢ < 0. Hanpumep, eciau € ~ —0,01, snekr-
POH BepHeTCsI Ha MoBepXHOCTh Tipu 0,57 > 0, > —0,397;
ecn ¢ ~ —0,05 — mpu 0,57 > 0, > —0,26n; ecnu

~ —0,1 — npu 0,57 > 0, > —0,14rn; ectm ¢ = —0,18 —
npu 0,5 > 0, > 0. Mcnonb3yst 3T 3HAYEHUST U CTaH-
JIapTHOE paclpeiesieHue 1Mo yriaM Bblieta 6 (2), Bbl-
YUCJIIEM BEPOSTHOCTL P|(e) BO3BpALLEHUS DJIEKTPO-
Ha Ha MOBEPXHOCTb B OAHOM Lukie: Py~ 0,9955 npu
e~ —0,01; P, = 0,954 pu ¢ ~ —0,05; P, ~ 0,843 npu
e~ —0,1; P, = 0,5 mpu ¢ = —0,18. YacTb 371€KTpPOHOB
(1 — P;) He BepHYTCA Ha MOBEPXHOCTD U YJIETAT OT HEE
IIpoYb, IBUTASICh I10 TPOXOUIE BAOJb X [8] coriacHo (3).
DT0 03Hayaet, yTo nociyie N HUKIOB aACOpOLIUU — JAe-
COpOLMU Yy MTOBEPXHOCTU OCTAHETCH TONBKO Py = P{V
YacTb 3J€KTPOHOB, BBIJIETEBIINX U3 IMUTTEPA.

4

Q

YBeauueHne NOTEHUHAIbHOM YHEPIUH IJIEKTPOHOB
B IUKJIAX JIeCOPOMS — CBODOIHOE JBHXKEHHS —
ajacopouus

IIpu KaxmoM U3 HUKIIOB ancopOLMKU — AeCOpPOLIU
3JIEKTPOH TTOAHUMAETCST Ha BBICOTY / U €TO TIOTEHIIH -
aJbHasi SHEPrusl BO3PACTeT Ha BeJIMYUHY eV, ~ eh|Ey|.
Tak Kak BBICOTa IOJbeMa paBHA B CPEIHEM JIAPMOPOB-
CKOMY Pajiuycy r, = mv /eB, moteHumanbHasg SHEPrus
MEXAy IecopOLueil 1 IocaenyIoiein aﬂcop6u1/1e1‘?1 yBe-
JIMYUTCS B CPEIHEM Ha eV ~ eh|E)| ~ va|E |/v,B =
= |gfmv? . Benuunna mo? /2 paBHa 2/3 cpeiHell Ku-
HETUYECKON 3HEPruM TEILUIOBOro ABMKeHUS 3kpT/2.
CiieoBaTe/IbHO, MOTEHILMAJIbHASL SHEPIUs B CpeaHEM
yBesmumBaeTcst Ha eV, ~ |¢[2k p T 3a MKk necopoumm —
CBOOOAHOTO ABMXEeHUS — amcopounu. I1pu Temnepa-
type muaniekTpruka 7= 2000 K 3T0 cCOOTBETCTBYET YyBE-
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JMYEHMIO MOTEHLMAaNa IeKTPOHOB Ha V,. ~ [¢[0,34 B
3a UK. JIBUTasch oT SMUTTEPA K KOJIEKTOPY, dJIEK-
TPOHBI CO31ayT PA3HOCTb MOTEHLIMAIOB V), U 3JIEKT-
puyeckoe mnose Ej, paBHoe ~ V},/I;,, pu paBHOMEp-
HOM U3MEHEHUU Pa3HOCTU MOTEHIIMAJOB Ha PaccTos-
HUM [}, OT SMUTTEPA 10 KOJIJleKTOpa C yBequeHueM
V) q LOTIS DTIEKTPOHOB Py = P1 ~ P1 V| pocrura-
IOIIMX KOJIJIEKTOP, OyAeT YMEHBIIATHCS, HO OCTAHETCS
He HyJ1eBoii. [Ipu conpoTuBieHNN HArpy3Ku R; U TOKe
SMUCCUM KaTojga [; HamnpspKeHHe CTaOMIIM3UPYETCH
npu V, = R, ~ R P*/ VT

Hdnsa sKcrepuMeHTaIbHON MPOBEPKU TPUHIIMITHA-
aJlbHOM BO3MOXHOCTM TIOJyUUTh Pa3HOCTh MOTEH-
uuajgoB 6onbiie 1 B (HO He 1Sl MpUMEHEHUs) Co-
IIPOTUBJIEHUE HArpy3Ku R MOXKET OBLITh OOJBILKM.

. pVka/Vr
Bepoarhnocts Py ~ P

TOTrO, YTO BJIEKTPOH H0-
1Bu

~ [e|0,34 B, paBHa, COrJIaCHO MPUBEIECHHBIM BbIILIE

JIETUT OT SMUTTEPA K KOJUIEKTOpY mpu V;, =

pe3ynbratam, Py~ P{V ~0,9955%4~ 0,26 npu e ~—0,01;
Py ~0,954°%8 ~ 0,063 mpu & ~ —0,05; Py~ 0,843%% ~

~ 0,0066 ipu & ~ —0,1; Py ~ 0,5'% ~ 0,000015 mpu
¢ ~ —0,18. TakuM 00Opa3oM, OTHOILIIEHNE TOKA KOJIJIEK~
TOpa K TOKY aMuTTepa /,/1; NOIKHO YBEIMYMBATHCH C

YMEHBILIECHUEM |g|, T. €. C yBEIMYEHHUEM YHCIIA LIUKIIOB
N = V,,/V, npu 3aaHHOM 3HayeHuu V. Bennuuna e

OTpeaessieTCsl PACCTOSTHUEM MEXIY SMUTTEPOM U KOJI-
JIEKTOPOM [ ,, JJADMOPOBCKUM DPAafnyCoOM F,, TOKOM

SMUCCUU [} U CONPOTUBIIEHUEM Harpy3ku R; UYToObl
Habmonare Hanpstkenue Vi, > 1 Bopu 7= 2000 K u

B=0,01 T, mpousBeneHue ToKka SMATTEPA Ha COIIPO-
TUBJIEHUE HArpysku R;[; v 4ncio uMKIOB N JOJKHBI

ObITb paBHbl: R) > 3,8 B, N~ 294 nipu ¢ ~ —0,01;
R, > 16 B, N~ 59 ipu € = —0,05; R} > 151 B, N~ 30
—0,1; R, > 66667 B, N~ 16 npu ¢ ~ —0,18.
OTU OLEHKU CBUAECTEILCTBYIOT O peajbHON BO3MOXK-
HOCTU HabOmoaeHus Hanpsxenus Vi, > 1 B. Yucio

MpU € =

UKIOB N ~ 294 COOTBETCTBYET PACCTOSHUIO MEXIY
SMUTTEPOM U KOJUIEKTOPOM /i, = 44 MM IIpU JlapMO-

POBCKOM paiuyce 7, ~ 150 mxm. 3Hauenue R/, > 3,8 B

MOXHO 00eCeUuTh JaXxe MPpU OUeHb HEOOJIbILIOM TOKE
smuccuu I; = 3,8 MKA, UCTIOJIb3Ysl CONPOTUBIIEHHUE Ha-

rpysku R; > 1 MOwm.

Cnoco0 yBeanueHHs I0M 3JIEKTPOHOB,
JOCTHTAIIMAX KOJUIEKTOPa

Jl1s1 yBeIMYEHUsl N0 SIEKTPOHOB, JOCTUTAIOILUX
KOJUIEKTOPA, T. €. OTHOWIEHUs ;/1, Ipy yBeIMueHUH
paboyero HarpsKeHus Vj,,, MOXXHO MCITOJIb30BaTh II0C-
TOSIHHOE 3JIEKTpUUecKoe mose E,,, Tpuxumaoliee
BJIEKTPOHbI K MOBEPXHOCTU IMUBJIEKTpuKa (puc. 2).
YT0ObI OLIEHUTD AEHCTBUE TPYKUMAIOIIETO TONsA £,




cJemyeT TIPUHSIThL BO BHUMAHUE, UTO JIBVDKEHUE DJICKT-
POHOB TOCJIe AecopOurK OyaeT MOo-MPeXXHEMY OMUCHI-
BaThCsl ypaBHEHUSIMH (3), €C/IM IIOBEPHYTh CUCTEMY KO-
OpAMHAT Ha Yrojl ¢ = —arctg(Exz/Ey). B HoOBOIi cucTe-
Mée KOOpAMHAT CyMMapHoe rojie £y = —( Efz + Ef )1/ 2
OyImeT HaIpaBJeHO BIOJb KOOpPAMHATHL V' (puUC. 2).
B crapbix KoopanHaTax 3J€KTPOHbI BbLIETAIOT C MO-
BepxHOCTH 1of yriamu 0,57 > Gy > —0,5n, a B HOBBIX
KoopauHartax noj yriaamu 0,5t — ¢ > ey, > —=0,57 — o.
DJIEKTPOHbBI, BbUIETEBLINE MO/ yIIIaMU 0, > —0,5mr, Oy-
YT IBUIaThbCsl MO TPAeKTOPHUSIM, COOTBETCTBYIOLLIMM
yIjiaM BbLIeTa 6,0 > —0,51 — ¢ (puc. 2). DTO 03HAUaeT,
YTO Ha TMOBEPXHOCTb BEPHETCS OOJIbllE 3JEKTPOHOB
IPU TOM K€ 3HAYEHUU PA3HOCTU TOTEHLMATIOB V),
MEXIy SMUTTEPOM U KOJUIEKTOPOM, KOT/IA €CTh IMPYKH -
Maroulee nosie. Hanmpumep, npu 3HaYeHUSIX DJIEKTPU-
ueckux noneit £y, ~ Vj /Iy, 1 Ey,, COOTBETCTBYIOLINX YI-
ny ¢ = —arctg(Ex2/Ey) =—0,36nue=E)/v B~ 0,1,
Ha MOBEPXHOCTh BepHeTcsa He Pp ~ 0,843 vacTh siek-
TPOHOB, KaK 3TO ObLIO MOCYUTAHO ISl YIJIOB BhLIETa
Gy > —0,14xn, a OGonblast 4acTh 31EKTPOHOB. IloTeH-
LMaJIbHAsl SHEePIUs JIEKTPOHOB YBEJIMUMUBAETCS B Cpel-
HEM 3a LIMKJ Ha BEJIMUMHY eV, ~ |e|2kBT/(tg2(p +1)l/2
B (tgch + 1)!/2 £ 2.3 pa3 menbiuyio (11pu ¢ =—0,36m),
YyeM IMPU TOM K€ 3HAYEHUHU €, B OTCYTCTBUE MPUXKUMA-
Iollero HarpspkeHus. Ho mpu MCIonb30BaHUM TIPU-
KUMalollero HanpsckeHust E,, BelInMuMHa [e| MoxeT
ObITh YBeJIMUEHa CYIIECTBEHHO OoJibllie, 0€3 YMEeHb-
IIEHUs OJU 3JEKTPOHOB, IOCTUTAIOIIUX KOJJIEKTOP
1,/1;. D10 ObecnieunBaeT MPUHLUIUATIBHYIO BO3MOX-
HOCTb YBEJIMYUTH HE TOJLKO paboyee Hanpskenue Vy,
TOII, Ho u ero mowHoCTh V) 1,

IToTeH1IMaIbHAST SHEPTUS BJEKTPOHOB YBEIMUMBA-
eTcs Ojarogaps IpoleccaM aecopOouus — CBOOOIHOE
JIBUXXEHUE — aicopOLIusl, TPOUCXOASIIMM Ha pa3HOM
Macitabe LiMH. Dnekrpuieckue E, E, U MarHut-
HbIe TI0JI1 B Majioro 3HaYeHUsI, BIMSIOIINE Ha TBUKe-
HUE 2JIEKTPOHOB B MacIlTabax JapMOPOBCKOTO paau-
yearg~ 100 MKM, He MOTYT MOBJIUSITH HA MPOLIECCHI all-
copOLM — AecOpOLMM, IIPOUCXOISIINE B MaclluTade
aTOMHBIX pa3mMepoB. [Ipu cBOOOAHOM ABUXEHUY B Ba-
Kyyme, onucbiBaeMoM opmynamMu (3), yacTb KUHETU -
YECKOHN dHEPTUM TeTUIOBOTO IBUXKEHUS TpeBpallaeTcs
B MOTEHIMAIbHYIO 3Hepruto. [locie KoHTakTa ¢ mo-
BEPXHOCTBIO AUBJIEKTPUKA 3JIEKTPOHBI BHOBbL MPHUOO-
pPETaloT CKOPOCTh, OMNpeAeisieMyl0 pachnpeiaeeHueM
(2). C yuciom LukiIoB N YBEJIMYMBAETCS HE TOJIBKO
PasHOCTh NMOTEHUMAIOB V), ~ NV,, HO ¥ [0S SJIEKT-
POHOB, IOCTUTAIOIIMX KOJJIEKTOp Py (e). [Ipu nBuxe-
HUM CHU3Y BBEPX IOA BIUSHUEM MarHUTHOTO IIOJs
3JIEKTPOHbBI AUGGYHAUPYIOT TaKKe MOIMepeK 3TOro Ha-
MPaBJIEHHOTO ABMXXEHUS BCASICTBUE HATUUYUS MPOEK-
MU CKOPOCTH v,. HiuHa ool muddysnu ~ NV 2rg
MEHBIIIE PACCTOSTHUS MEXIY SMUTTEPOM M KOJUIEKTO-
pom /i, = Nrg npy 6oNbIIOM yncie TUKIoB N. UYToOb!
KaK MOXHO OOJIbIIIE 2JIEKTPOHOB JOCTUTANIO KOJIJIEK-
TOp MPU HaJWYMK MOMepeyHor nudbdy3uu, TUIIeKT-

PUK U KOJUIEKTOP MOJIKHBI OBITH IIMpPE IMUTTEpPA Ha
~2NV/ 2rg. MOXHO TakxXe MCIOJIb30BaTh 3JIEKTpUYEC-
Koe mnose E,, oTrankuBarollee 2MEKTPOHbI OT KPaeB
JIUJIEKTPUKA.

Motusocts Vi, I, ~ Vi I, PY¥ V" onpenensiercs we
TOJILKO PAa3HOCTBIO TMOTEHUMANOB V), U HONeii 311eKT-
POHOB P{/ ka/Vr | jocTHraromyx KomwIekTop, HO U TO-
KOM 3MUTTEpa, TOUHEE YUCIOM 3JIEKTPOHOB, TOCTU-
raolInuX MOBEPXHOCTh AUANEKTPUKA B EAVHUILY Bpe-
MeHU [ [Ing TOro 4troObl 3TO YMCIO MOIJIO OBLITh
OOJBIIMM, SMUTTEP MOXHO MOMECTUTh Ha PaccTos-
HUE TOPSIIKA F, HAll MOBEPXHOCTBIO IMAJICKTPHKA M
NPUJIOKUTH NIpUXKKUMalollee noje £, (cMm. puc. 2).

MakcumanbHOe PaccTOsIHME, HAa KOTOPOE 3JIEKT-
POH MOXET YNaJUThCsS OT MOBEPXHOCTU MPU Hayasb-
HOU CKOPOCTHU v,, MEPIEHANKYISIPHON K HEl, paBHO
rdll + (Eq/v, B2 £ Ey /v, B). 3nak "+" cooTBeTCT-
BYET CJIy4yalo, KOTJa 2JIeKTPUYECKOe T0JIe YBEIUUMBAET
Uy, M 3HAaK "—", Korna ymeHbluaet. M3 sroro cienyer,
YTO MPU PACCTOSTHUM MEXIY MOBEPXHOCTSIMU SMUTTE-
pa M IM3JIEKTPUKA Fg TOCTATOUHO 3HaueHMs £, ~ v, B,
COOTBETCTBYIOLIETO PAa3HOCTU MOTEHIIMAIOB MOPSIKa
rgEx Ry B= mvi /e~ kgT)/e, 4TOOBI GOJNIbILIAS YACTD
9JIEKTPOHOB 3MMCCUU [OCTUTala TMOBEPXHOCTU OU-
3JIeKTpUKa U HE BO3Bpalllajlach B SMUTTED.

3akmoueHue

IIpoBeneHHBIE BBIYMUCICHUS HOIUA DJIEKTPOHOB,
JOCTUTAIOLINX KOJIJIEKTOP, CBUACTEILCTBYIOT, MPEXIe
BCEro, O PEaTbHOCTU 3KCIIEPMMEHTAIbHON MTPOBEPKH
BO3MOXHOCTU YBEJIMYECHUS pabodero HarpsKeHUS
TOII. Ilpenmaraemplii B paboTe c1oco0d yYMEHBIIEHUS
YKCa 3JEKTPOHOB, YIETAIOIINX OT ITOBEPXHOCTH IU-
BJIEKTPUKA, MOXKET MO3BOJUTh YBEIUUUTh pabouee Ha-
npsokeHre 0e3 YMEHbBIICHUST WA IIPpY He3HAYUTEIhb-
HOM YMEHBIIIEHUN TOKa KOJIJIEKTOpA.
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The authors consider a possibility of increasing the working voltage of the thermionic converters by means of the magnetic field,
which are "pressing” the electrons to the dielectric surface. The voltage between the collector and the emitter generated by the thermal
motion of electrons was calculated for the given values of the emission current, load resistance, magnetic field and the distance be-
tween the emitter and the collector. A method to increase this voltage is proposed. The calculations used the standard distribution
of the electrons by velocity and departure angles after desorption, and the known formulas describing the electron trajectories in the
crossed magnetic and electric fields.
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Introduction

The thermionic converters of energy (TCE) are used for
transformation of the thermal energy into the electric energy
on the basis of the phenomenon of the thermionic emission
[1—3]. By the sources of warmth, TCE can be nuclear (re-
actor and radioisotopic), solar and gas-flame ones. Nuclear
TCE [4] employ the warmth emitted as a result of the reaction
of nuclear fission (reactor TCE) or decay of a radioactive iso-
tope (radioisotopic TCE). In 1970 in the USSR, Topaz, the
first-ever thermionic converter-reactor with the electric pow-
er about 10 kW [5] was created. By means of TCE the energy
of the solar radiation (with application of the solar-heat col-
lectors) or laser radiation [6] can also be transformed into the
electric energy. The gas-flame TCE work on the warmth
emitted during burning of the organic fuels. In comparison
with the traditional electric-machine converters, the thermi-
onic converters of energy (TCE) have an important advan-
tage — absence of the moving parts in them, compactness,
high reliability, possibility of operation without a regular serv-
ice. Their wider application is constrained by a relatively small
value of the electric voltage. The TCE, in which this drawback
is eliminated, will find wider applications, including the mi-
crosystem technologies. In the given work the authors con-
sider a possible way to increase the working voltage of TCE.

Principle of operation of TCE

As is known, operation of TCE is based on the principle
of the thermionic emission (Edison's effect) — emission of
electrons by a heated metal emitter (cathode). The density of
the emission current is defined by Richardson — Dushman
equation:

Jiom = AT (- 257) ()
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where ep — work function; A = Ay(1 — R,); R, — coefficient
of reflection of an electron from a potential barrier;
Ay = 4rcmek12;/h3 ~ 1,2 100 A/mzK2 — Richardson con-
stant; kp — Boltzmann constant; # — Planck's constant [7].
At an identical work function of the cathode and the an-
ode eg; = ep, = e, the current from the emitter is much
bigger than the current from the collector j,, x =
= AT exp(—eq/kgT}) > jiom o = AT exp(—eo/kpT,), at a
rather small difference of temperatures between them: 7 > T,.
For example, at the temperature of the emitter (cathode)
T, = 2000 K and ep = 3 eV ~ 3kpgll 605 K = k534 815 K
the currents differ in 100 times at the temperature of the col-
lector (anode) 7, ~ 1620 K. But in this case the potential dif-
ference cannot exceed essentially V;, ~ kgT)/e even at a
small load current (fig. 1), because the kinetic energy of
most electrons at the cathode does not exceed kgT}, and
they cannot rise in the potential field to the height bigger
than kgT;/e which is small at real temperatures, for example,
kgT,/e~0.17 V at T = 2000 K.

Therefore, in the employed TCE the working voltage in-
creases due to the contact potential difference V,,, = ¢, — ¢,
[1]. For this purpose the emitter is made from a metal with a
bigger work function than that of the collector metal e, > eq,,.
At that, unlike in the case when eg, = eg,, the emitter is
charged negatively, while the collector — positively due to the
contact potential difference V,,, between the metals with dif-
ferent work functions in the place of their direct electric con-
tact, closing the electric circuit on load. In this case the ki-
netic energy of the electrons does not decrease, but it increas-
es during the movement in vacuum from the emitter to the
collector. In absence of a difference in temperatures between
the emitter and the collector the voltage on load and the current
are absent. For operation of TCE the emitter is heated up,




while the collector is cooled. The greatest possible load volt-
age equals to the contact potential difference V,,, = ¢, — ¢,
[1]. The load voltages of real TCE usually does not exceeded
1 V. The power, which is of practical interest, is obtained due
to a big current density from a unit of the surface of the emit-
ter — roughly tens of amperes per a square centimeter.

Ladder for the electrons

The known TCE use the contact potential difference, be-
cause the electrons with energy of kg7), ~ 0.17 eV cannot jump
in the potential field up to the height even of 1 V (fig. 1) just
as like a man cannot jump up to the height of 5 m. But a man
can rise up to 5 meters and over by using a ladder. In the given
work we actually consider "a little ladder" for the electrons
(fig. 2). Unlike movement of a man walking up the ladder, the
thermal movement of the electrons is chaotic. However, in a
magnetic field this movement is not absolutely chaotic. When
the length of a free run of the electrons is more than the Lar-
mor radius /5, > r, = mv, /eB, all of them move via a circle
laying in the plane, perpendicular to the magnetic field B, in
one direction (fig. 2); m and e — mass and charge of the elec-
tron; v, — projection of the thermal speed of an electron on the
plane, perpendicular to B. At the real values of the magnetic
field of B> 0.01 T and the speed of the thermal movement of
the electrons v, ~ (2kgT/m)'/? < 2.5 10° m/s T<2000 K, the
Larmor radius does not exceed r, < mv,/eB~~ 150 um. There-
fore, for meeting the condition of /,,z > r, no ultrahigh vac-
uum is required. Movement in the magnetic field does not
change the energy, because the Lorentz force F; = vBis per-
pendicular to the speed of the electrons. But the Lorentz force
can "press" the electrons to the dielectric surface and, thus,
create "a little ladder " for them (fig. 2).

Movement of the electrons in the crossed magnetic
and electric fields

In absence of the potential difference between the emitter
and the collector, the electrons, which departed from the emit-
ter, have to move in vacuum via a circle (fig. 2). Their tra-
jectory in the plane of xy, perpendicular to B = (0i,, Oiy, Biy),
after their departure at 7 = 0 from the flat surface of yz at the
angle of 0, to x in the plane xy, is described by expressions
X = sin(ey +f— siney and y = cost, — cos(ey + #). As a unit
of length the given expressions use the Larmor radius r, =
= mv, /eB, and a unit of time — value of 1/0 = m/eB = rg/vL,
inverse to the Larmor frequency o = eB/m. The position of the
centre of circle x = —sin6, via which the electrons move in re-
lation to the surface of dielectric x = 0 is defined by the depar-
ture angle of 0. The projection of speed v,, directed along the
magnetic field, remains invariable after desorption and z = v, 1.
The electrons can depart at any angle 0 in relation to direction
x, perpendicular to the surface of the dielectric. Probability P
of distribution of the electrons by speeds v and departure angles
0 after desorption can be described by the standard formula:

2
P= Povzcoseexp (_2”1161)7”) . 2)
B

Angles of 0, 6, are connected by relation siney = sinecosezl
where angle 6, = arctg(vz/vy) defines the direction of pro-
jection of the speed on plane yz. While there is no potential
difference V}, = 0, all the electrons, which departed from
the flat surface of the dielectric at angles 0.57 > 0, > —0.5%
have to return to the surface (fig. 2 at the left), and rise by
the ladder from the emitter to the collector. Movement of

the electrons will create potential difference V, and electric
field E, ~ V,/l;, between the emitter and the collector.
Movement of the charged particles in the crossed fields is de-
scribed in detail, for example, in § 22 in [8]. According to the
description, we receive the following expressions:

x= (cosey + ¢)sint — siney(l — cost) — ef; (3a)
y = sin6,sint + (cosd,, + &)(1 — cosy), (3b)

in which a new member appeared ¢ = Ey/ v, B, describing the
influence of the electric field on the trajectory of the electrons
after desorption at ¢t = 0 and angle 0,. The trajectories de-
scribed by the expressions (3) are such, that at ¢ > 0 all the
electrons, which departed from the flat surface at any angles
0.5% > 0, > —0.5%, have to return to this surface. The elec-
trons, which raised from the emitter to the collector, create
electric field Ey ~ Via/liq corresponding to & < 0. Using ex-
pressions (3), it is possible to calculate the departure angles
of 0, at which an electron will return to the surface for each
value of ¢ < 0. For example, if ¢ # —0.01 an electron will re-
turn to the surface at 0.5 > 0, > —0.39x%; if ¢ ~ —0.05 at
0.50 >0, > —0.26r; if ¢ ~ —0.1 at 0.5¢ > 0, > —0.14n; if
e~ —0.18, at 0.5z > 0,> 0. Using these values and standard
distribution by the departure angles 6 (2), we calculate prob-
ability P;(e) of a return of the electron to the surface in one
cycle: P; = 0.9955 at e = —0.01; Py = 0.954 at ¢ = —0.05;
P, ~0.843 at e = —0.1; P = 0.5 at ¢ = —0.18. A part of the
electrons (1 — P;) will not return to the surface and will fly
away from it, moving by a trochoid along x [8], according to
(3). This means, that after N cycles of adsorption — desorp-
tion only Py = PIN part of the electrons, which departed from
the emitter, will remain at the surface.

Increase of the potential energy of the electrons
in the desorption — free movements — adsorption cycles

At each adsorption — desorption cycle an electron as-
cends to the height of A, and its potential energy grows by
eV~ ehlEy|. Since, on average, the height of the rise is equal
to the Larmor radius 7, = mv, /eB, the potential energy be-
tween the desorption and the subsequent adsorption will in-
crease on average by eV, ~ eh|E,| ~ mv* |Eyl/v, B = lelmv? .
The value of mvf /2 is equal to 2/3 of the average kinetic en-
ergy of the thermal movement of 3kp7/2. Hence, the poten-
tial energy on average increases by eV, ~ |e|2k T per one de-
sorption — free movement — adsorption cycle. At the tem-
perature of dielectric of 7= 2000 K this corresponds to the
increase of the electrons’ potential by V. ~ [¢/0.34 V per a cy-
cle. Due to their movement from the emitter to the collector
the electrons create potential difference of V;, and electric
field £, equal to ~ V,/I;, at an even variation of the potential
difference at the distance of /,, from the emitter to the col-
lector. With an increase of ¥V, the fraction of the electrons
Py = Pl/V ~ PlV ka/Vr which reach the collector, will be less,
but remain more than zero. At the load resistance of R; and
the emission current of the cathode of I, the voltage will sta-
bilize at V, = R}, ~ R, P/*/"".

For an experimental verification of the basic possibility to
receive a potential difference more than 1 V (but not for ap-
plication), the load resistance R;can be big. The probability
Py~ P/*/Vr that an electron will reach the collector from
the emitter at ¥, =1V and ¥, ~ [¢|0.34 V is equal, according
to the results presented above, to Py~ P{¥ ~0.99552%* ~ 0.26
at ¢ ~ —0.01; Py ~ 0.954°%8 ~ 0.063 at ¢ ~ —0.05; Py =~
~ 0.843%94 ~ 0.0066 at £ ~ —0.1; Py ~ 0.5'° ~ 0.000015 at
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¢ ~ —0.18. Thus, the ratio of the collector current to the emit-
ter current /,/I, should increase with a reduction of [¢], i.e.
with an increase of the number of cycles N = V ,/V, at the
preset value of V). The value of ¢ is determined by the dis-
tance between the emitter and the collector /;,, Larmor radius
ry» emission current /; and load resistance R;. In order to ob-
serve voltage V;, > 1 Vat T'= 2000 K and B = 0.01 T the
product of the emitter current on the load resistance R/, and
number of cycles N should be equal to: R/, > 3.8 V, N~ 294
ate~—0.01; R, > 16 V, N~ 59 at e ~ —0.05; R} > 151V,
N=~30ate~—0.1; R, > 66 667V, N~ 16 at ¢ » —0.18.
These estimates testify to real a possibility to observe voltage
Viq > 1 V. The number of cycles N =~ 294 corresponds to the
distance between the emitter and the collector /;,, ~ 44 mm at
the Larmor radius r, ~ 150 pm. Value of R;f; > 3.8 V can be
ensured even at a very small emission current /; ~ 3.8 pA by
using the load resistance R; > 1 MQ.

A way to increase the fraction of the electrons
which reach the collector

In order to increase the fraction of the electrons reaching
the collector, i. e. relation 7 /1, at an increase of the working
voltage V,, it is possible to use the constant electric field E,
pressing the electrons to the surface of the dielectric (fig. 2).
In order to estimate the action of the pressing field E,, it is
necessary to take into consideration, that the movement of
the electrons after the desorption will be still described by the
equations (3), if we turn the system of co-ordinates by ¢ = —
arctg(E,/E,). In the new system of co-ordinates the total
field of E, = —(EL + Ey2 )!/2 is directed along the co-ordi-
nate y' (fig. 2). In the old co-ordinates the electrons depart
from the surface at the angles of 0.57 > 0, > —0.5x, and in the
new co-ordinates the angles will be 0.5 — ¢ > 0,> —0.57 — .
The electrons, which departed at the angles of 6, > —0.5x, will
move by the trajectories corresponding to the departure angles
ey, > —0.57 — ¢ (fig. 2). This means, that at the same value
of the potential difference of V), between the emitter and the
collector more electrons will return to the surface, if there is
a pressing field. For example, at the values of the electric
fields of E, ~ V;,/l;, and E,,, corresponding to the angle
¢ = arctg(Ep/E) = —0.36n and € = E,/v| B~ —0.1, most of
the electrons will return to the surface, and not just P; = 0.843
part of them, as it was calculated for the departure angles
ey > —0,14n. On average the potential energy of the electrons
increases per a cycle by the value of eV, ~ |g[2k 5T/ (tg2p + 1)1/2,
which is (tgz(p + 1)1/2 ~ 2.3 times smaller (at ¢ = —0.36m),
than at same value of ¢, in absence of the of pressing voltage.
But, if the pressing voltage E,, is used, the value of |¢| can be
increased considerably more, without a reduction of the frac-
tion of the electrons, reaching collector /,/1;. This ensures a
basic possibility to increase not only the working voltage V},
of TCE, but also its power V[ ,.

The potential energy of the electrons increases due to the
processes of desorption — free movement — adsorption, oc-
curring at different scales of the lengths. The electric fields E|,
E and magnetic field B of small value, influencing the
movement of the electrons in the scales of Larmor radius
ry = of 100 um, cannot affect the processes of adsorption —
desorption, occurring at the scale of the atomic sizes. During
a free movement in vacuum described by formulas (3), a part
of the kinetic energy of the thermal movement turns into a
potential energy. After a contact with the surface of the die-
lectric the electrons again get the speed defined by the distri-
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bution (2). With a growing number of cycles N, not only the
potential difference of V;, ~ NV, is increased, but also the
fraction of the electrons, which reach the collector Py(e).
During movement from below upwards under the influence of
the magnetic field, the electrons also diffuse across this di-
rected movement, owing to the presence of projection of
speed v,. The length of this diffusion ~N2r_is less than the
distance between the emitter and the collector /, ~ Nr, at a
big number of cycles N. In order to make more electrons reach
the collector in the presence of a cross-section diffusion, the di-
electric and the collector should be wider than the emitter by
~2NY 2rg. It is also possible to use the electric field £, which
is pushing the electrons away from the edges of the dielectric.

The power of V1, ~ VI, P**"" is determined not only
by the potential difference V;, and the fractions of the elec-
trons PlV ka/Vr " which reach the collector, but also by the
emitter current, to be more exact, by the number of the elec-
trons, reaching the surface of the dielectric in a unit of time
1. In order to make this number bigger, the emitter can be
placed at the distance r, over the surface of the dielectric and
the pressing field £, can be applied (fig. 2).

The maximal distance, to which an electron can go from
the surface at the initial speed of v, perpendicular to it, is
equal to r{[1 + (E/v, B)*1"/? £ E, /v, B}. The sign + cor-
responds to the case, when the electric field increases v,, and
sign —, when the electric field reduces it. From this it follows,
that at the distance between the surfaces of the emitter and of
dielectric r it is enough to have the value of E, ~ v, B, cor-
responding to the potential difference of about rgEx re L B=
= mv? /e ~ kgT)/e to make most of the emission electrons
reach the surface of the dielectric and not return to the emitter.

Conclusion

The calculations of the fraction of the electrons, reaching
the collector, testify, first of all, to the reality of an experi-
mental verification of a possibility to increase the working
voltage of TCE. The proposed method for reduction of the
number of the electrons, flying from the surface of the die-
lectric, can make it possible to increase the working voltage
without a reduction or with an insignificant reduction of the
value of the collector current.
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BBenenne

Buzyanuzauust BHyTpeHHUX OpraHOB MpeACTaBseT
cOo00li BaXKHEMIIylo 11eJb MHOTUX METOAOB MMarHoc-
TUKU. Busyanuszaius ¢ mOMOILbIO PEHTT€HOBCKOM TO-
Morpaduu SIBUIACH CYLLIECTBEHHBIM MPOPLIBOM B IUa-
THOCTHUKE, UCITOJIb3YIOLIe PEeHTTeHOBCKOE U3TyYeHUE.
PeHTreHoBCcKy0 TOMOTpaduio MpeiIoXUIN aHTIUIC-
kue ¢pusuku A. Kopmak u I'. XayHcoung, 3a 4To B
1979 r. um ObL1a npucyxkneHa HobGeneBckas mpeMusl.

[MpuHLMIT TMHETHO# peHTreHOBCKOU ToMorpaduu
B €0 MepBOHAYaJILHOM BHJE MOKa3aH Ha puc. 1. Mc-
TOYHUK PEHTIE€HOBCKHMX BeepooOpasHbIX Jyueii I (Beep
MEePNEeHANKYISIPeH TJIOCKOCTM PUCYHKa) COBepllaeT
KayaHus, TaK YTO JIyYW MPOXOIAT yepe3 LIEHTP Kaya-
HUS 3, HAXOJSIIMICS B Tese nauveHTa 2. B nanbHei-
1IeM JIy4d TomnanamT Ha (OTOIIACTUHKY 4, KOTopas
Tak>Xe COBEpIIAET KayaHUs B TAKT UCTOYHUKY U3JTyUe-
Hus [. Ha niactuHKe monydaeTcs M300paxkeHue He-
0oJbLION 061aCTH BOJIM3M LIEHTpa KayaHus 3, a 6oJiee
yaajieHHble 00J1aCT 0Ka3bIBAIOTCS HA TUIACTUHKE CMa-
3aHHBIMM, TaK KakK 4yepe3 HUX Jy4Yu MPOXOAsT Mepuo-
nudecku. ITo 3Toil Xe MpUYMHE OKpYyXalolliue LIEHTP
KayaHus HEOOJIbIIME HENpPO3payHble BKIIOUEHUSI HE
MEIIAIOT MOJIy4eHU1o n3zodpaxeHus. Ecniu u3dmMeHsTh
MOJIOXKEHUE LIEHTpa KayaHus, HalpuMep IOCJIOMHO,
TO MOXHO TIOJIYYUTb XOpollee U300pakeHue MnaToJio-
rMYECKOro oyara.

B Hacrosiiee BpeMs Hanbosiee pacIpoCTpaHEHHBIM
BapMaHTOM PEHTTeHOBCKON ToMmorpaduu siBiasieTcs
KOMMblOTepHasi peHTreHoBckast ToMorpagus (KPT
win KT) [1, 2]. B KoMObIOTEpHOM pEHTTEHOBCKOM TO-
Morpage (puc. 2) mamueHT / moMelaeTcss B CKAaHUPY-
Jolllee YCTPOMCTBO 2, Bpalllarouleecsi BOKPYT UCCeny-
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eMOro oobekTa. PeHTreHoBCKuMe ay4r OT M3mydaress 3
pacxoasiumcst TOHKUM (1...10 MM) BeepHBIM TTy4KOM
MPOXOMST Yepes3 MalueHTa, Jexallero Ha KylieTke, u
MOMajaloT Ha NETEKTOp 4, MPEeACTaBISIONIMIA COOOM
Matpuiry u3 500...1000 ¢poTo3/1€eMEHTOB MM MOHU3A-
IIMOHHBIX KaMep.

B ciryuae, mokazaHHOM Ha puc. 2, B IIpoliecce Bpa-
LIEHUs CKAaHUPYIOIIEro YCTpOMCTBa 2 KOMIIbIOTEp S
aHaJIM3UpPYyeT NPOXOXKIECHUE JIydeil B CEYeHHUH I10 pas3-
HBIM HallpaBJICHUSIM U Ha OCHOBE 3TOr'O CTPOUT U300-
paxkeHue Bcero ceyeHus1. Bo3MOXHOCTh 1 CIIOCO0 Ta-
KOro IOCTPOEHHUSI IIOKa3aJ HEMEUKU MaTeMaTUK
H. Pagon B 1917 1. [3, 4]. 3arem mauueHT nepemMeliia-
€TCs BIOJIb OCM ToMoTrpada, U Ipoleaypa IMoJIy4eHus
U300paKeHUs TTOBTOPSIETCS CHOBA JUISI CJIEIYIOLIETO
cios ucciemayemoro oprasa. Ipemen paspeleHUsI KOM-
MBIOTEpPHOTO TOoMorpada a0 2 MM MIpU pa3InduU B
K03 PUIIMEHTE MOMIOIIEeHUS] PEHTTEeHOBCKOTO U3y~
yeHus g BemectB ~0,1 %. HanmpuMep, ¢ mToMoIbso

Puc. 2. Ilpunuun coBpeMeHHOI
PEHTTeHOBCKO  KOMIBIOTEPHOM
ToMorpacumn

Fig. 2. Principle of modern X-ray
computer tomography

Puc. 1. Ilpunuun JuHeiHOi
PEHTTeHOBCKO# TOMOrpadun

Fig. 1. Principle of linear X-
ray tomography
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KOMITBIOTEPHOTO ToMOTpada MOKHO pa3IMIuTh CEPOe
U 0esioe BEIIEeCTBO MO3ra.

IIporiecchl B peHTTeHOBCKMX KOMITBIOTEPHBIX TO-
Morpagax COBEpPIIEHCTBYIOTCSI U ONTUMU3UPYIOTCS B
pa3JIMUYHBIX HampaBieHUSX JAOCTATOYHO WHTEHCUBHO
[5—8]. CoBeplueHCTBYeTCSI KOHCTPYKLUSI TOMOTpa-
¢0B, BBIYMCIUTENIbHBIE AITOPUTMBI U T. .

3akoH ocj1a0JieHAsI PEHTTEHOBCKOT0 M3 TyYeHHUs
NpH MPOXO0XKJEHHUH Yepe3 BemecTBO

PenTreHoBCcKOE U3yYeHUE, KaK U JII0OOE 3JEKTPO-
MarHUTHOE M3J1y4YeHue, ocaadiseTcs (IIOraolaeTcs u
pacceurBaeTcs) B BellleCTBe 10 3akoHy byrepa [9]: ecniu
WHTEHCUBHOCTb U3JIyYECHUS], MAJAIOUIEr0 HA BELUECT-
BO, paBHa /), TO UHTEHCUBHOCTb U3JIy4€HUs, BbILIE]-
LIEro U3 CJosl TOJIUUHON d, paBHa

I=Ie ™, (1)
re | — JMHEWHBIM KO3 PUIIMeHT ocnadaeHus u3my-

YeHUsI, KOTOPBI C (PU3NUYECKON TOUKU 3pEHUS COCTO-
UT U3 TPEX cjlaraeMbliX:

U= Hy + Mcb + “K/:-)s (2)
[I¢ BEJIMYUHA |1, COOTBETCTBYET KOT€PEHTHOMY pac-
CeSTHUIO; ng, — (poroaddexTy; Hy/s — KOMIITOH-3(-
dexTy.

LleHTpanbHYIO pOJIb B HAOJIIOAEHUN OPTAHOB U TKa-
Hell ¢ MOMOILIbIO PEHTTEHOBCKMX Jyueil UrpaeT pas3iu-
Yyye B MOIJIOIMICHUH 3TUX Jy4eil pa3HBIMU yJacTKaMu
Tejla, opraHaMy U TKaHSIMU.

JlunHeiiHblii KO3 GULIUEHT ocaablieHus peHTIe-
HOBCKOTO M3JIy4EeHHS B BEIIECTBE |1 B MEAUIINHE YaCTO
MPEeICTaBISAIOT B BUIE ABYX ciaaraeMbix [10]:

pu=rt+3, 3)
rIe T — cjaraemMoe, oOyC/IOBIEHHOE MCTUHHBIM TOT-
JIOLLIEHUEM 3JICKTPOMATHUTHOTO PEHTTEHOBCKOTO M3-
JlydeHus1 (TorjolleHe HabuonaeTcs B IBAeHUsIX do-
To3(pdeKTa 1 YaCTUIHO KOMNTOH-3(pdeKTa); 6 — clia-
raeMoe, o0yCJIOBJIEHHOE paccesiHUeM PEHTTEHOBCKOTO
U3y4eHUsl (3TO SIBJIEHUSI KOTePEHTHOIO PacCesTHUSI U
YaCTUYHO KOMIITOH-3(eKTa).

OIBIT MOKA3BIBAET, UTO CHEKTPATbHYIO 3aBUCUMOCTh
T B 00JIACTHU PEHTIEHOBCKOIO AMAIa30Ha JIJIMH BOJH JJIst
TKaHeil opraHu3Ma MOXHO TpeacTaBuTh B Buze [10]:

© = kpptZ2, (4)
rae k — Ko3(p(GULUEHT NPOIMOPUNOHAIBHOCTHA; A —
JUTMHA BOJIHBI PEHTTEHOBCKOTO U3YYEHUS; p — TIJIOT-
HOCTb BELIECTBA, ITOABEPracMoro peHTTeHOBCKOMY 00-
JIyYeHUIO; Z — €ro aTOMHBIA HOMED.

M3 dopMynbl ciaemyeT, 4TO MSTKOe PEHTITe€HOBCKOE
usiaydenue A > 0,01 HM, umerollee 6osee JJTMHHbBIC BOJI-
HBI, TIOTJIOLIAETCS CHIbHee, YeM xkecTkoe A < 0,01 HMm.
OHo 0oJiee OmacHo IJig OpraHu3Ma.

Jns KocTeid, CyLIeCTBEHHYIO COCTaBIISIIOLIYIO KO-
TOPBIX TMpeacTaBisieT (HOCHOPHOKUCIBIN KaJIbLIWA,
Z =15...20. B XocTu BXOIST TaKMe DJIEMEHTHI, KaK
docdop Pﬂ, KaJIbLIMi Cagg. Jnst MSITKUX TKaHel Z
00BIYHO — 110 8. B OCHOBHOM 3TO TakKue aTOMbI MsIT-
KMX TKaHei, KaKk H}, Céz, N;4 , Oé6.
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Ecnu npoaHanu3upoBaTh pa3inyve JUHEHHBIX KO-
3G GULMEHTOB OCJIabeHUs] PEHTTEHOBCKOTO U3JTyve-
HUS W U KOCTEU U JUIST MITKUX TKaHEH, TO MOXHO 3a-
METUTb, UTO CIaraemoe t Il KOCTeil MHOro 60Jb1Ie T
JUTSI MSATKUX TKAaHEW, TaK KakK pZ3 IUI1 KOCTE MHOTO
Oosble pL 3 [Tl MSITKUX TKaHEIA. I1pu 5TOM OCHOBHYIO
pOJIb B Pa3HUIIE T, a CIENOBATENbHO, U | UTPAET pa3-
JINYMe aTOMHBIX HOMEPOB 3JIEMEHTOB Z. 3HAUUT, KOC-
TU MOTJIOLIAIOT PEHTTEHOBCKOE U3JTyYeHUE 3HAUUTEb-
HO CUJIbHEE, YEM MSTKME TKaHU, TOATOMY IOJlydeHUe
KOHTPACTHOTO PEHTIEHOBCKOTIO M300pa’k€HUsI KOCT-
HOM TKaHU HE SBJISIETCS CJIOXHOWM 3amayeid.

Paznuuue B ociabieHUU PeHTI€HOBCKOTO U3JTyve-
HUS MSATKUMU TKaHSIMM OOYCJIOBJIEHO HEOOJbIIMM
pa3jMyrMeM HUX IUIOTHOCTEW p, MOATOMY KOHTpPACT-
HOCTb OPraHOB U3 MSITKUX TKaHel 3HAaYMTEJIbHO XyXe,
YeM KOCTEM.

MaremaTnyecKue OCHOBbI KOMIBIOTEPHOI
peHTreHoBcKoii Tomorpadun. Ilpeodpasosanue Pagona

3ammuimeM Pypne-o0pa3 IS HEKOTOPOM 3aMKHY-
TOW (PYHKUMM Ha TUIOCKOCTU OT paauyc-BekTopa f(r)
(puc. 3):

Ak = 5L ] e Mar = L | e teovar, (s)

rae k — BekTopHBbIii apryMeHT Dypbe-o0pa3a Wi BeK-
TOP BOJTHOBOTO YMCJIa; YTOJI O — 3TO Yrojl MEeXIy BeK-
TOpHBEIM aprymMeHTOM Pypbe-obpasa k u pagmyc-Bek-
TOPOM T.

Hcnonb3ys cdopmyay (5), 3anuiieM AByMEpHOE
npeodpazoBanue Mypre M 061aCTU, OrpaHUYEHHOM
dynkuwmeit f(r), 1. e. s obaactu f(X, Y) (puc. 3):

—i(kyX+ kyY)

Rl ky) = 5= ] ] X, Dy dxay, (6)

—00 —00
rae ky, ky — npoekuuu Bexropa k Ha ocu KkoopauHar
XunY

BbImmosiHUM MOBOPOT Oceil KOOpAMHAT Ha Yroja o.
IIpu 3TOM yroir oo MexXmy MpekHeil KoopauHaTol X u
HOBOI KOOPIMHATON § BEIOEpEM TaKMM, YTO KOOPIM-
HaTa s napajuenbHa BekTopy k. CooTHollleHue mpe-
JKHUX KOOpauHaT X, Y M HOBBIX KOOPAMHAT S, Z UMEET
chenytoluii Bua (puc. 3):

s = Xcosa + Ysina; (7

z = —Xsina + Ycosa. (8)
o e |
| z ¥ |
| 5 |
| S ’ < |
| 4 . I
I il X I
| O\ - "X I
| |
‘ fxy) |
| |
| |
| |
| |

Puc. 3. K BoiBoay npeoopa3oBanus Pagona
Fig. 3. To the conclusion of the Radon transform




OOpatHoe cooTHoleHue caenyeT u3 (7) u (8):
X = scosa — zsina; )
Y = ssina + zcosa. (10)
Ilepeiinem B (6) K KoopauHataM Y = ssina +
+ zcoso. YuutsiBas ky = kcoso U ky= ksino, a Takxe
PaBEHCTBO 3JIEMEHTOB ILJIOLIAAM B KoopauHaTax X, Y u
s, z (101aab IpU MOBOPOTE OCEil Ha 000K yroa He
MeHseTcs), T. €. dXdY = dsdz, umeem

F(kcosa, ksina) = 51— j f f(scosa — zsina, ssina +
+ ZCOS(X)e_ik(XCOSO' + YSina)deZ. (11)

®opmyny (11) MOKXHO TIepervicaTh B BUJIE:
Hkcosa, ksina) =
= 21 j ( f f(scosa— zsina, ssinoc+zcosoc)dz} e_iksds.(12)
T_wo
O6o03Hauas

0

R(s, a) = j f(scoso. — zsina, ssina + zcosa)dz, (13)

—00

—00

MoJIyyaeM

o0
Fkcosa, ksina) = o= [ R(s, we ®ds. (1)
2T

®opmyna (13) HasbIBaeTCs1 IIpeobpa3oBaHueM Pa-
JoHa ot dyHkuuu f(X, Y). PaBencrBo (14) mpeacras-
nsteT coboit Dypre-o6pas GyHKIIUKU R(s, o) B CUCTeMe
KOOpAWHAT S, Z.

Takum oOpa3zom, BBoAs mpeoOpasoBaHue PamoHa
(13), MBI IEpexoauM OT JABYMEPHOTO Mpeodpa3oBaHUS
®ypee (6) byakuum f(X, Y) K OTHOMEPHOMY TIpeo0-
pazoBanmio Pypwe (14) dyukuum R(s, o), T. e. dak-
TUYECKW HAXOINM OTHOMEPHYIO MPOEKIINIO0 ABYMep-
Horo TipeobpaszoBaHusg Pypwe. [IpoekTupoBaHue, co-
riacHo (14), ocyluecTBasieTcsi Ha KOOPAWHATHYIO OCb S,
T. €. B HaIIpaBJICHUM OCH Z.

s mpakTu4yecKoro MpuMeHeHUsl Mpeodopa3oBa-
HUs PamoHa Hamo 3HAThH €ro ooparHoe mpeodpa3oBa-
Hue. s HaxoxXaeHUs O0paTHOIO IIpeoOpa3oBaHUS
Pagona OymeM MCXOOWUTH M3 OOPaTHOTO JIBYMEPHOTO
rmpeobpa3oBannsa Pypbe, COOTBETCTBYIONIETO TIPSIMO-
My TpeobpasoBanunio Oypoe (6):

[c o) .
AX, Y) = 2l [ [ Fkp kpe ™ g ak,. (15)
T 0 -0
YuuteiBast, 4To MpsMoe TIpeobpa3oBaHme PamonHa
R(s, o) 3aBUCHUT HE TOJBKO OT JIMHEWHO KOOPAMHATHI
S, HO 4 OT YIJIOBOII KOOPAMHATHI o, B OOPaTHOM IIpe-
obpa3oBaHuM PagoHa 1OJKHBI TaKXKe MCIOIb30BaThCS
TOJIBKO 3TH JBE KOOPAMHATHL. Takum 00pa3omM, HY>KHO
TIepeUTH K TTOJISIPHBIM KOOpAWHATaM. B MoIsIpHBIX KO-
opauHarax dkydky = kdkdo.
CnenoBaTenbHO, 00paTtHOe mpeobpaszoBaHue Dypbe
(15) umeeT BuUA:

, SX, Y) =
[ Flkcosa, ksinoye Xeose + inodg gy (16)
0

o— 8

1
2n

0O603HaunmM Dypre-06pa3 npeodpazoBanus (14) B
BUJIC:

o0

]Ni(k, o) = Fkcosa, ksina) = 2i R(s, oc)e_"ksds. (17)
T _»o
CrenoBatenibHO, dopmyny (16) MOXHO mpeacTa-
BUTh B BUJIE:

0 2n

AX, 1) = 5L [T Rk, apel®eoss + Koy, (1)
Too

®opmyny (18) MOXXHO paccMaTpuBaTh Kak oOpart-
Hoe Tpeobpa3oBaHre PamoHa ¥ MCIOIB30BaTh €€ IS
BocctaHoBiieHUs GyHkuuu f(X, Y) no Dypse-obpasy
R(k, o).

BoccranosiieHue H300pakeHus ¢ UCNOJb30BAHHEM
npeodpa3zopannsa Panona

PaccMmoTpuM crienyroliryto MoeibHyo 3aaauy. B op-
TaHU3ME, KOTOPBI TIOMEIIEH B KOMITBIOTEPHBIN
PEHTIeHOBCKUIA ToMorpad (cMm. puc. 2), uMeeTcs ma-
TOJOTUYECKUI oyar — 006J1acTh C MOBBIILIEHHBIM TOT-
JIOILIEHUEM PEHTIE€HOBCKOIo M3llydeHus. PaccesHuem
PEHTIeHOBCKOro M3jayyeHusi npeHeOperaem. B atom
cliydyae JIMHEWHBIN K03(h(ULIMEHT OclabJeHUsT peHT-
TEeHOBCKOTO M3IydyeHus p = 1 (cM. popmyiy (3)). Oue-
BUIHO, MpPHU PELIeHUWU TMPaKTUYECKUX 3aJay AaHHOE
MpUOJUXKEHUE HeTTPrUeMIEMO.

IMTatomornyeckuii oyar oOJydaeTCss PEHTTEHOBC-
KMM M3JIy4EHUEM C Ha4yaJlbHON MHTEHCUBHOCTBIO /) B
HarpaBjeHuu ocu z (puc. 4).

Taxk kak JUHEUHBIK KO3(DOUIIMEHT MOTJoLIEeHNSs
MOXXET MMETh Pa3IMuHOe 3HAUeHUE B PA3IMYHbBIX Yac-
TSIX MATOJIOTMYECKOro oyara, 3aKkoH byrepa (1) HyxHoO
3arnucarb B BUJE:

+z0
- [ nX. dz
I=1Ie ® . (19)

ITornomeHre BHE MAaTOJOTMYECKOro oyara UCIoJIb-
3YEM B Ka4€CTBC 0a3pl OTCYETA U HE paccMaTpruBacM.

Puc. 4. Cxema 00/1y4eHHs] MATOJIOTHYECKOTO 0YAra PEHTTeHOBCKHUM
H3JIy9eHneM

Fig. 4. Diagram of irradiation of the pathological focus by X-ray radiation

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 8, 2018 507




ITokazatens B 3akoHe byrepa (6e3 3HaKa MUHYC)
OyneM Ha3bIBaThb PEHTTEHO-ONTUYECKOM MIOTHOCTHIO
MaToOJOTMYECKOTo oyara:

+2p
[ X, Yydz. (20)
2
®opmyny (20) MOXHO paccMaTpUBaTh Kak Ipeo0d-
pazoBanue Pagona ot dynkuuu p(X, Y). [Ipeodpazo-
BaHue PajoHa mpencrapiisieT cOO0OH MPOEKTUPOBAHUE
JiuHerHoro koadduunenTta nornowenus (X, ¥Y) kak
¢GyHKUMHU ABYX IIEPEMEHHBIX Ha OCh S (puc. 4).
PaccMoTpuM BaxkHBIN ¢ TPaKTUIECKOM TOUKY 3pEHUS
cly4yail 3aBUCMMOCTH JIMHEMHOro KoagduimeHTa mor-
JIOIIEHUST OT KOOPAVHAT B BUJE IayCCOBCKON KPUBOIA:

X+ r
_ 1 26°
uX, Y) = e , (21)
cA2m
i€ o — IIOCTOdHHasa BE€JIMYMHaA C pasMECpHOCTLIO

IUTAHBI.

IMoacraBum (21) B dopmyny (20) u mepeitnzeMm K
CHCTeMe KOOPAMHAT §, Z Mo BeipaxkeHusMm (9) u (10).
B pesyabraTe noayyum

+zO
D(s, o) = J u(scosa — zsina, ssina + zcosa)dz =
_ZO
2 2 2 2
= e ° dz= e 7 dz (22
G271 2 G271 2

B (22) yureno X% + Y2 = §* + 22
3ameHss B (22) nipeaesbl MHTErpUpOBaHUS Ha Oec-
KOHEYHOCTH, TaK KaK MHTETPUPOBAHUE MIET IO BCEMY
MaTOJOTMYECKOMY oyary, uMmeeM
2 2 2

s +Z S
e 207
D(s, o) = [e dz=¢e ° . (23)
G2 —0

Ha puc. 4 nokazaH rpauk peHTTeHO-ONTUYECKOM
IUIOTHOCTH KaK MPOeKLUs JUHEeHOro KoaddulimeHTa
MOTJIOIIEHUS Ha OCb .

Hayiee mocTaBUM 3aauyy BOCCTAHOBJIEHUS JUHEM-
HOro Koa(duilMeHTa IOIJIOLIEHUsSI Ha OCHOBE €ro
MPOEKIUMU.

Haiinem dypbe-o6pa3 auHeiHOro KoaduumrueHTa
noryomenus [11]:

2
S

~ — i i —iks 3o — i i 26° —iks 7o —
i (k, o) 5 _{O D(s, a)e” s 5 {o e ds =
B 7s_2 2o
1 c [o) 2
= — | e cos(ks)ds = — e (24)
2n ,'[O o

ITpu HaxoxneHUM (24) BOCMOJIB30BAIUCH YETHOC-
Thio PyHkuuu D(s, a) [12].
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IMonyuyennsrit @ypbe-o06pa3 OMHOMEPHBIN, TaK KaK
He 3aBUCUT OT yria o. [ToaTOMYy, UCITONB3Ys OMHOMEP-
Hoe obpaTHoe npeodbpasoBanne Pypobe [13], HaligeM:

2
2 2
G S

+o0 B

D(s) = [ e®dk = e 2 eldk=e?", (25

9= ﬁ Te (25)
YTO COBIAaeT ¢ BblpaxeHuem (23).

1151 TOJTHOTO BOCCTAHOBJIEHUST IMHEMHOTO KO3(-
(uumenTa nornoieHus (X, Y) HyXKHO MCHONB30-
BaTbh oOpaTHOe MpeobdpazoBaHue Pamona (18) u dop-
Myay (24):

2n

wx, Y) = i J' J' i (k, a)eik(XCOSot-i- Ysirlot)kdkd(x —
00
2

2

a

2 eik(XCOSOL + YSinOt)kdkda —

w XS g
— G J' e 2 ( J' eik(XCOSOL + Ysimx)da]kdk —
0 0

= 26
Gme (26)

K COXaJICHUIO, HAWTU aAHAIUTUYECKU MHTETpAI

2n
[ eik(Acosa+ ¥sina) o e pencraBsieTcs BO3MOXHBIM.

Pe3ynbrar MHTErpupoBaHUS JIEKUT B 00JacTU 0000-
IIEeHHbIX (GYHKUM [14], mo3TOMy MocieaoBaTeJbHO
BBIYMCIIUTE BCEe MHTETPaIBI B (26) Heb3st. OTHAKO 3TO
He SIBIISICTCS CYIIECTBEHHBIM, TaK KaK OOIIUIA pe3yib-
TaT MHTETPUPOBAHMS MBI 3HAEM.

Bo3amoxHo wnHoe TmipencraBieHue Gopmyinbl (26).
3anuceiBass Pypbe-o06pa3 JUHEHHOro Ko3hGULINEHTa
MOMJIOIIEHUS ISl ONpeaesIeHHON JTUHUU TTPOSKTUPO-
BaHUs C ypaBHEHUEM s — sy = 0, HaiigeM

ik, o) = A [ D(s, ) ®ds= L [ D(s— sy, ) x
2T 27 o
_ik(s—
x g T = 1 j D(s — sp o)ds. (27

IMoncrasnsas (27) B (26), MOJIYYAM

w0 2n ]
“(X Y) — 2i J' J' ﬁ(k, a)eik(XCOS(x + Yslrlot)kdkd(x —
TooOo
1 21 o0
= [ [ fik, a)e™kdkdo. =
271: 00
| 2n ©
= = | [ D(s — sy, a)h(s)dsda, (28)
27§
rae h(s) = 2L [ e®kdk — tak HaspiBacMast byHKIHS
T

(unpTpa, KoTopas TakxKe MOXET ObITh OIpeescHa Ue-
pe3 06001eHHbIe (QYHKIINH.




IIpu ocecummeTpuUHON PYHKIMU TUHEHHOIO KO-
a¢ddunMeHTa MOMIOIIEHUSI OT KOOpAMHAT BOCCTa-
HOBJICHHE €€ TI0 OJHOM ITPOeKINY, B TIPUHIINIIE, BO3-
MOXHO. DTa BO3MOXHOCTb CBsI3aHa C HE3aBUCUMOC-
ThIO PEHTIeHO-ONTUYECKO IUIOTHOCTU D(s, o) OT
yraa a (25).

Ecnu xe dynkuus p(X, Y) He cuMMeTpUYHasi, TO
JUUIST BOCCTAHOBJICHUSI e HeOOXOMMMO 3HATh M IPYTHe
npoekuuu. [Tpuuem yuem Oonee HeCUMMETpUYHA (DYHK-
LIMST, TeM OOJIbIe TIPOCKINIA HY>KHO 3HATh.

Ha npakrtuke pekoHCcTpykuusi pyHkuuu u(X, Y)
OCYLIECTBJISIETCST ABYMSI CIIOCOOAMU: aJITOPUTMOM C UC-
MTOJTb30BaHUEM TIPeoOPa30BaHUI 1 AITOPUTMOM C WC-
IMOJIb30BAaHUEM pa3JIoXeHUs B psin [3].

B mepBoM ciydae pEeKOHCTPYKIIMS HM300pakeHUs
OCYIIECTBIISIETCS 110 MPUHIUITY T'padUIeCcKOro ITOCT-
poenus ¢uryp Jluccaxky Ha ocHOBe Tpoekuuii D(s, o)
[9]. ITpeoOpa3oBaHusT yIOOHO BHITIOIHSTH B ITOJISIPHOM
cuctemMe KoopauHat. I'poMo3akue ¢opMyJibl, IIPUTOI-
HBIe TS WCMONB30BaHMS Ha DBM, mpencTtaBieHHI,
Hampumep, B padote [3].

Yaile mpMMeHSIOT YMCICHHYIO peanusanuio (op-
MYJBI 0OpaTHOTrO npeodpa3oBanus (28), pasiarast mo-
JIBIHTErpaTbHOE BBIPAXKEHUE B PSIIL.

3akimouyeHue

PeHTreHoBCKasi KOMIIbIOTEpHAst TOMOrpadusi sIBJIs -
€TCS COBpEMEHHBIM U 23 (HEKTUBHBIM METOIOM AMa-
THOCTUKU 3a00JIeBaHMI BHYTPEHHUX OPTaHOB, B YacCT-
HOCTHU BBISIBJICHUSI HOBOOOPa30BaHUIA.

C MaTeMaTU4eCcKOi TOUYKM 3peHUs] METOJ OCHOBaH
Ha npeobpaszoBaHuu PanoHa, Mo3BoJIsIOIIEM OCylllec-
TBUTH TIPOEKTUPOBAHUE ABYMEPHOM DYHKILIMU JUHEH-
HOTOo KO3((pulIMeHTa MOIIOILIeHUs Ha IMHUIO, epIIeH -
MUKYJISIPHYIO HampaBIeHUIO PEHTTEHOBCKMX JIyJeil.

DT0 MO3BOJISIET HAUTU HEOOXOAMMOE YMCJIO MPOSKIIU
MaToJOrMYEeCKOro ovyara B OpraHu3Me, Hampabisis
PEHTreHOBCKME JIy4yd IO pa3HbIMU yriaMM B ucCClie-
JyeMOM ceueHuu. B nanbHeiiieM, NCIob3ys ONHY U3
BO3MOXHBIX METOAUK, OCYIIECTBISETCS PEKOHCTPYK-
LIS ITAaTOJIOTUYECKOTO ovara B UCCIIEAYeMOM CEUeHUM.
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Introduction

Visualization of internal organs is an important goal of
many diagnostic methods. Visualization with X-ray tomogra-
phy was a significant breakthrough in diagnostics using X-rays.
X-ray tomography was offered by British physicists Cormac A.
and G. Hounsfield, for which in 1979 they were awarded the
Nobel Prize.

The principle of linear X-ray tomography in its original
form is shown in fig. 1. The source of the X-ray fan-shaped
rays I (the fan is perpendicular to the plane of the fig. 1) os-
cillates, so that the rays pass through the center of oscillation
3, which is in the body of the patient 2. In the following, the
rays fall on the photographic plate 4, which also swings to the
source of the radiation 1. A small area near the center of os-
cillation 3 is obtained on the plate, and the more distant re-
gions appear to be smeared on the plate, since the rays pass
through them periodically. For the same reason, the small
opaque inclusions surrounding the swing center do not inter-
fere with image acquisition. If you change the position of the
center of the swing, for example, layerwise, you can get a good
image of the abnormal focus.

Currently, the most common version of X-ray tomogra-
phy is computer X-ray tomography (CXT or CT) [1, 2]. In a
computer X-ray tomograph (fig. 2), a patient [ is placed in a
scanning device 2 rotating around the object under study. The
X-rays from the radiator 3 by divergent thin (1...10 mm) fan
beam pass through the patient lying on the couch and reach
the detector 4, which is a matrix of 500...1000 photocells or
ionization chambers.

In the case shown in fig. 2, during the rotation of the scan-
ning device 2, the computer 5 analyzes the passage of rays in a
cross-section in different directions and constructs an image of
the entire section based on this. The possibility and method of
such construction was shown by the German mathematician I.
Radon in 1917 [3, 4]. Then the patient moves along the axis of
the tomograph, and the procedure for obtaining the image is re-
peated again for the next layer of the organ being examined. The
resolution limit of a computer tomograph is up to 2 mm with
a difference in the absorption coefficient of X-rays for substanc-
es of ~0.1 %. For example, using a computer tomograph, you
can distinguish between gray and white substance in the brain.

The processes in computed tomography are being perfected
and optimized in different directions quite intensively [5—S8].
The design of tomographs, computational algorithms, etc. are
being improved.

The law of X-ray radiation attenuation
when passing through a substance

The X-ray radiation, like any electromagnetic radiation, is
weakened (absorbed and scattered) in a substance according
to Bouguer's law [9]: if the intensity of radiation falling on a
substance is equal to ;, then the intensity of radiation emerg-
ing from a layer of thickness d is

1= Ie ™, (1)
where p is the linear coefficient of radiation attenuation, which
from the physical point of view consists of three components:

= g s, 2
where p, corresponds to coherent scattering; Hp — photoef-
fect; p,,, — Compton effect.

The central role in the observation of organs and tissues with

the aid of X-rays is played by the difference in the absorption
of these rays by different parts of the body, organs and tissues.
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The linear attenuation coefficient of X-ray radiation in the
substance u in medicine are often represented as two terms [10]:
p=r1t+3, 3)
where © — the term due to the true absorption of electromag-
netic X-ray radiation (absorption is observed in the phenom-
ena of the photoelectric effect and in part the Compton ef-
fect); 8 — the term due to scattering of X-ray radiation (these
are the phenomena of coherent scattering and partially the
Compton effect).

The experience shows that the spectral dependence t in
the region of the x-ray wavelength range for body tissues can
be represented in the form [10]:

© = kpa*Z?, 4)
where k — the coefficient of proportionality; A — the wave-
length of X-ray radiation; p — the density of the substance,
exposed to X-rays; Z — its atomic number.

It follows from the formula that the soft x-ray emission
A > 0,01 nm, having longer wavelengths, is absorbed more
strongly than hard A < 0,01 nm. It is more dangerous for the
body.

For bones, an essential component of which is calcium
phosphate, Z = 15...20. The bone contains elements such as
phosphorus Pﬂ, calcium Cagg. For soft tissues, Z is usually
up to 8. Basically, these are soft tissue atoms, such as H} ,
Ci?, NI*, off.

If we analyze the difference in the linear coefficients of x-
ray attenuation p for bones and for soft tissues, it can be seen
that the term t for bones is much more than t for soft tissues,
since pZ3 for bones is much more than pZ3 for soft tissues. In
this case, the distinction of the atomic numbers of the ele-
ments Z plays the main role in the difference of t, and there-
fore of u. Hence, the bones absorb X-rays much more strongly
than soft tissues, so obtaining of a contrast x-ray image of a
bone it is not a difficult task.

The difference in the attenuation of x-ray radiation by the
soft tissues is due to a slight difference in their densities p, so
the contrast of the soft tissue organs are significantly worse
than the bones.

The mathematical fundamentals of computer X-ray
tomography. Radon transformation

Let’s write the Fourier transform for some closed function
on the plane of the radius vector f{(r) (fig. 3):

L [ fe™ar = L [ frye oo, (5)
27 o 21 o
where k is the vector argument of the Fourier transform or the
wave number vector; angle 0 is the angle between the vector
arguments of the Fourier transform k and the radius vector r.
Using formula (5), we write the two-dimensional Fourier
transform for the domain bounded by the function f{(r), i. e.
for the region f(X, Y) (fig. 3):

Fky kp) = 5= | [AX. Ve

—00 —00

FK) =

—i(kyX+ kY
EETED axay, (6

where ky, ky — the projections of the vector k on the X and
Y coordinate axe.
Perform the rotation of the coordinate axes by the angle
o.. In this case, choose the angle o between the old coordinate
X and the new coordinate s, so that the coordinate s is parallel
to the vector k. The correlation of former coordinates X, Y
and new coordinates s, z has the following form (fig. 3):
s = Xcosa + Ysina; @)
z = —Xsina + Ycosa. 8)




The inverse relation follows from (7) and (8):
X = scosa. — zsinao; )
Y = ssina + zcosa. (10)
We pass to (6) to the coordinates Y= ssina + zcosa. Con-
sidering ky = kcosa and ky = ksina, and also the equality of
the elements of the area in coordinates X, Yand s, z (the area

when the axes are rotated to any angle does not change), i.e.
dXdY = dsdz, we have

F(kcosa., ksino) = 2i f j f(scosa — zsina, ssina +
T —0—o
+ zcosa)e—ik(XCOSOL + YSina)dez. (1 1)
The formula (11) can be rewritten in the form:
Fkcosa, ksina) =

=1 | [ | fiscoso. — zsina, ssina + zcoson)dz] e ksgs. (12)

2TE —00 \  —o0
Denoting
R(s, o) = f f(scosa — zsina, ssina + zcosa)dz, (13)
we obtain: }
Fkcosa, ksina) = 2i [ R(s, aye*sds. (14)
T -

The formula (13) is called the Radon transform of the
function f(X, Y). Equation (14) is the Fourier transform of the
function R(s, o) in the coordinate system s, z.

Thus, introducing the Radon transform (13), we pass from
the two-dimensional Fourier transform (6) of the function
R(s, o) to the one-dimensional Fourier transform (14) of the
function R(s, o) i.e. in fact, we find a one-dimensional pro-
jection of the two-dimensional Fourier transform. Design,
according to (14), is carried out on the coordinate axis s, i. e.
in the z direction.

For the practical application of the Radon transform, one
must know its inverse transformation. To find the inverse Ra-
don transform, we start from the inverse two-dimensional
Fourier transform corresponding to the direct Fourier trans-
form (6):

X, 1) =L HF(kX, kye'

—00 —00

D kydky. (15)

Taking into account that the direct Radon transform R(s, o)
depends not only on the linear coordinate s, but also on the an-
gular coordinate o, in the inverse Radon transform, only these
two coordinates should be used. So, you need to go to the polar
coordinates. In the polar coordinates is dkydky = kdkdo.

Consequently, the inverse Fourier transform (15) has the
form:

o 2n

fX, )= 1 j j Fkcosa, ksino)e(Xcoso + Ysino) g gy - (16)
We denote the Fourier transform (14) in the form:

L[ R, we ™®ds,  (17)
27

Consequently, the formula (16) can be represented in the
form:

R(k, o) = Flkcosa, ksina) =

o 2n
X, ) = j [ R (k, ayefXeosa + Binodpgpgy  (18)
2n 0 0

The formula (18) can be considered as the inverse Radon
transform and used to restore the function (X, Y) by the Fou-
rier transform R (k, o).

Recovery of an image using the Radon transform

Consider the following model problem. In an organism
that is placed in a computer X-ray tomograph (see fig. 2),
there is a pathological focus — an area with increased absorp-
tion of X-rays. The X-rays scattering is neglected. In this case,
the linear coefficient of X-ray attenuation u = 1 (see the for-
mula (3)). Obviously, in solving of practical problems this ap-
proximation is unacceptable.

The pathological focus is irradiated with x-ray radiation
with an initial intensity /, in z direction (fig. 4).

Since the linear absorption coefficient can have different
values in different parts of the pathological focus, the Bou-
guer's law (1) should be written in the form:

+ZO
- [ nx ndz
I=1le © ) (19)

Absorption outside the pathological focus is used as a ref-
erence frame and is not considered.

The indicator in the Bouguer's law (without the minus
sign) will be called the x-ray optical density of the patholog-
ical focus:

+ 3
D= [ X, Yz (20)
2

The formula (20) can be considered as the Radon trans-
form of the function p(X, Y). The Radon transform is the pro-
jection of a linear absorption coefficient pu(X, Y) as functions
of two variables on the s axis (fig. 4).

Let us consider an important case from the practical point
of view of the dependence of the linear absorption coefficient
on the coordinates in the form of the Gaussian curve:

PaSe

2
nX, )= —L_e 2 Q@1

o.2n
where o is a constant with length dimension.
We substitute (21) into the formula (20) and move to the
coordinate system s, z by the expressions (9) and (10). As a
result, we get:

+ZO
D(s, a) = J u(scosa. — zsina, ssina + zcosa)dz =
o
£ 2e 7
tzp T3 1 T T2
[e 20 = e dz. (22)
Gn  o2m 3,

In (22) we have taken into account X> + ¥? = s> + 2%
Replacing the limits of integration at infinity in (22), since
integration proceeds throughout the pathological focus, we have:

52 i z2 52

2
je 2" = e 2 (23)

D(s, o)) =

cJ_n

Fig. 4 shows a graph of the X-ray optical density as a pro-
jection of linear absorption coefficient at s axis.

Next, we postulate the problem of restoring the linear ab-
sorption coefficient on the basis of its projection.

We find the Fourier image of the linear absorption coef-
ficient [11]:

® . © T2 .
Bk, ) = 2i [ D(s, aye ds = 2i [ e 2 emiksgs =
7_Sz_ 2ol
_ 1 T 207 _c .2
= — cos(ks)ds = — e . (24)
2n N2
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In finding (24) we used the parity of the function D(s, o)
[12].

The resulting Fourier image is one-dimensional, since it
does not depend on the angle a. Therefore, using the one-di-
mensional inverse Fourier transform [13], we find:

2
L S5

4o, 400 ——= . 2
D)= [eRdk=-2 [e * efak=e?, (25

which coincides with the expression (23).
To fully recover the linear absorption coefficient pu(X, Y)

it is necessary to use the inverse Radon transform (18) and the
formula (24):

1

ik(Xcoso + YSina)kdkdOt —
2n

i
ik, a)e
0

nX, Y) =

2 2

2 ik(Xcosa + ¥sina) kdkdo, =

w KO /I
_ (¢ J‘ e 2 [ J‘ eik(XCOS(l + Ysina) daj kdk =
0 0

Xy

2
=L ¢ 2 (26)
o 2n

Unfortunately, to analytically find the

integral

2n
| efk(Xeoso + Xsino) 4o it is not possible. The result of integra-
0

tion lies in the domain of generalized functions [14], therefore
it is impossible to successively calculate all the integrals in
(26). However, this is not essential, because we know the gen-
eral result of integration.

A different representation of formula (26) is possible. Writ-
ing the Fourier transform of the linear absorption coefficient for
a particular design line with the equation s — s, = 0, we find

ko) = L [ DG, wpe®as= L [ (s — 5> @) X
2TC —0 27[ —0

—ik(s— «
x g T g o 51- [ Ds —
T o

Substituting (27) into (26), we obtain

S0 a)ds. Q27

_ 5T ik(Xcoso + Ysino) _
X Y) = 5= g g ii(k, a)e kdkda.
| 21 o | 2n o
= 5= g g k, o)e®kdkdo. = 5= | | J D(s — 59, @) X
x h(s)dsdor, (28)
where A(s) = 51— Ieikskdk is the so-called filter function,
0

which can also be determined through generalized functions.

For an axisymmetric function of the linear absorption co-
efficient of the coordinates, its restore in one projection, at
least in principle, is possible. This possibility is related to the
independence of the X-ray optical density D(s, o) from the
angle a (25).

If the function p(X, Y) is not symmetric, then to restore
it you need to know and other projections. Moreover, the
more asymmetric the function, the more projections you need
to know.

In practice, reconstruction of the function p(X, Y) is per-
formed in two ways: using the transformation algorithm and
the expansion into series algorithm [3].

In the first case, the reconstruction of the image is carried
out according to the Lissajous principle of graphical images
construction of on the basis of the projections D(s, o) [9]. The
transformations are conveniently carried out in the polar co-
ordinate system. Bulky formulas suitable for use with a com-
puter are represented, for example, in [3].

More often, the numerical realization of the inverse trans-
formation formula (28) is applied, expanding the integrand
into a series.

Conclusion

The X-ray computer tomography is a modern and effec-
tive method for diagnosing of diseases of the internal organs,
in particular, detection of neoplasms.

From a mathematical point of view, the method is based
on the Radon transform, which allows the design of a two-di-
mensional function of the linear absorption coefficient per
line perpendicular to the X-ray direction. This allows us to
find the necessary number of projections of the pathological
focus in the body, directing X-rays at different angles in the
section under investigation. In the following, using one of the
possible methods, the pathological focus is reconstructed in
the section under investigation.
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