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Teopust GMTIOJISIPHOTO TPAH3UCTOPA C YYETOM CTPOEHHUS
TBEPAOTo TeJIa U HAJIMYHS OTPUIATEJIbHBIX HOHOB

Yacte 1
CTpoeHue NOJyNPOBOAHUKOBOT0 TBEPAOTO TeJa,
JIErHPOBAHHOI0 MBIIIBAKOM U MHANEM

JI. K. T'peunxun”

YVO «Benopycckas rocynapcTsesHas akagemus cessm» (Musck, Pecniy6inka Benapyce)

Pedepar. BunonspHbsle TpaH3UCTOPH! B JJIEKTPOHMKE SIBISIIOTCS OCHOBHOM DJIEMEHTHOW 0a3oif.
Pas3ButHe 3TO 0a3bl OCYIIECTBISUIOCH NMPEHMYIIECTBEHHO ONBITHBIM IyTeM. s oGocHOBaHHUS
paboTHI TPaH3UCTOpPaA MPUMEHSIIUCH KaUeCTBEHHBIE NIPEACTABIECHNS B BUJIE IBOMHOTO p—71 TIEPeXo-
Jla BUAA p—h—p WIH n—p—n IpoBoanMocTH. [Ipu Takom 000CHOBaHMK MHOTHE CBOHCTBA padoTaro-
HIEero NOIyIpPOBOJHUKOBOIO TPAH3UCTOPA OCTABAIMCH 3a Ipe/ielaMi UX YETKOIO IIPEICTABICHUS.
ITostoMy B Hacrosmiell paboTe pacCMOTPEHO YCTPOHCTBO OHMIIONSAPHOIO TPAH3UCTOPA C y4ETOM
CTPOEHUSI TBEP/IOTO TeNa MOTYHPOBOIHUKOBON OCHOBBI U B3aUMOJEHCTBHS C TOBEPXHOCTHIO TBEP-
JIOTO TeTa aTOMOB B BHIE OTPHIATENLHBIX HOHOB. Ha ocHOBaHMM aHaNM3a JaHHBIX, MOTYyYCHHBIX
TYHHEJIBHBIM MHKPOCKOIIOM, IIOBEPXHOCTb TBEPJOIO TeJla MOKPBITA MOHOMOJEKYISPHOH IIeH-
KOM, a caM KpUCTaJUl MOJyHPOBOIHUKOBON OCHOBBI C(HOPMHUPOBAH MOJIOKUTENBHO 3apsKEHHBIMU
aTOMaMH ¥ HaXOAUTCS I10J] MOHOMOJIEKYJISIPHOH IIIEHKOH. MoJeKyspHas IIeHKa GopMHpYeTCst
TIOBEPXHOCTHBIMH KJIaCTEpaMH, a KPHCTaUI — OOBEMHBIMU KiacTepaMH. BzammonelicTeue mo-
BEPXHOCTHBIX KJIaCTEPOB CO3AaeT MOPUCTYIO CTPYKTYpPY MOJIEKYJIIpHOU IIeHKU. Yepes 3TH MOpsl
BHUJIEH KPUCTAII TBEpAOTO Tena. [IpumecH B BUAE OTAEIBHBIX MOJIEKYJ Ha MTOBEPXHOCTh KPUCTAll-
J1a MPOHUKAIOT Yepe3 OTBEPCTUSI B MOJEKYJSIPHOH IUIEHKE, C()OPMHUPOBAHHBIE B BHE CTOI0000-
pa3HBIX IMycTOT. Ha MOBepXHOCTH KpHCTaIa MOJIEKYJIBI IPUMECH BCIICACTBHE OOMEHHOTO B3au-
MOZAEHCTBHS TUCCOLMUPYIOT Ha OTAENbHBIE aTOMBI, KOTOPbIE B CBOIO OYEPEIb TaKXKe BCIEACTBUE
O0OMEHHOTO B3aMMOJEHCTBUSI MPEBPAIAIOTCS B OTPUIATEIIbHBIE HOHBL. KOHKPETHO PaccMOTPEeHO
JIETUPOBAHUE IIOBEPXHOCTU MOIYIPOBOJAHUKOBOIO KPUCTAILIA FEPMAHUsl WM KPEMHUS MOJIEKyJIa-
MH MbIIIbsKa U uHAUs. [locine pacnaga MoJIeKysl Ha aTOMBI B CTOJIO000Pa3HBIX MyCTOTaX IPOUC-
XOJIUT UX TPEBpallleHHe B OTPUIATENbHbIE HOHBI, KOTOPbIe OJIOKHPYIOT MPOHHUKHOBEHHE IPYTHX
MOJIEKYT B 3TH ITyCTOTEI.

KunroueBble ciioBa: OUIONSPHBIA TPAH3UCTOP, OTPULATENIBHBIA HOH, MOHOMOJICKYJISIPHBIH CIIOH,
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Theory of the Bipolar Transistor, Taking into Account
the Structure of a Solid and the Presence of Negative Ions

Part 1

Structure of a Semiconductor Solid Doped with Arsenic and Indium

L. I. Gretchikhin”

DEducational Institution “Belarusian State Academy of Communication”
(Minsk, Republic of Belarus),

Abstract. Bipolar transistors are the main element base in electronics. The development of this
base was carried out mainly through experimentation. To justify the operation of the transistor,
qualitative representations were used in the form of a double p—n junction of the p—n—p or n—p—n
conductivity type. With this justification, many properties of a working semiconductor transistor
remained beyond their clear understanding. Therefore, in this paper, the design of a bipolar transis-
tor is considered, taking into account the structure of the solid body of the semiconductor base and
the interaction of atoms in the form of negative ions with the surface of the solid body. Based on
the analysis of data obtained by a tunneling microscope, the surface of the solid is covered with
a monomolecular film, and the crystal of the semiconductor base itself is formed by positively
charged atoms and is located under the monomolecular film. The molecular film is formed
by surface clusters, and the crystal is formed by volume clusters. The interaction of surface clus-
ters creates a porous structure of the molecular film. Through these pores the crystal of the solid
body is visible. Impurities in the form of individual molecules penetrate the surface of the crystal
through holes in the molecular film, formed in the form of columnar voids. On the surface of the
crystal, impurity molecules, as a result of exchange interaction, dissociate into individual atoms,
which in turn, also as a result of exchange interaction, are converted into negative ions. The doping
of the surface of a semiconductor crystal of germanium or silicon with arsenic and indium mole-
cules is specifically considered. After the molecules disintegrate into atoms in the columnar voids,
they are converted into negative ions, which block the penetration of other molecules into these
voids.

Keywords: bipolar transistor, negative ion, monomolecular layer, crystal, electrical double layer

For citation: Gretchikhin, L. I. (2025) Theory of the Bipolar Transistor, Taking into Account the
Structure of a Solid and the Presence of Negative lons. Part 1: Structure of a Semiconductor Solid
Doped with Arsenic and Indium. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc.
68 (6), 491-503. https://doi.org/10.21122/ 1029-7448-2025-68-6-491-503 (in Russian)

BBenenue

Co3manre TpaH3UCTOpa B cepeamHe XX B. oTMedeHo HobenmeBckoi mpe-
mueit B 1956 r., xotopas 6buta Bpyuena Jxony bapauny, Yonrepy bparreiiny
u Yunbsimy Lokau. 9To coObITHE MOCIYXHUIO OCHOBOM OBICTPOTO pPa3BUTHA
3EKTPOHHOH TEXHHUKH (3JEKTPOHMKH) U BHEAPEHUS 3TOM TEXHUKHU NPAKTUIECKU
BO BCE 00JIaCTH YeJIOBEUYECKOH AesTenbHOCTH. Takoe OBICTpOe pa3BHTHE JJICK-
TPOHMKH HPOUCXOANIO NPEUMYILIECTBEHHO ONBITHBIM IIyTeM Ha YpOBHE MHTYH-
nun. Teopernueckoe 0OOCHOBAaHHE IOJyYEHHBIX ONBITHBIX PE3YJIbTATOB OCY-
LIECTBIIATIOCH IMIIUPUIECKH, T. €. I[yTEM HCIIOJIb30BaHUS MaTeMaTHUECKUX (op-
MyJI, IO3BOJISIIOLIMX KaK-TO OMMCATh IOJIy4YEHHbIE SKCIIEPUMEHTAIbHbIEC JaHHbIE
B MO/JIEIIBHOM TIPE/ICTaBICHHH.
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YeTpolcTBO TpaH3UCTOpa TOCTATOYHO Ipocroe. I1omympoBOIHUKOBBII KpH-
CTaJUl TEPMaHUsl WIM KPEMHUs JIETUPYETCs] MpUMecsiMU. Pa3paboTaHbl TpU Tex-
HOJIOTMH BBEICHUS IpuMeceil: ciuiaBHas, AM((y3uoHHAs U SNUTAKCHIIbHASL.
B Hacrosimee Bpems B OCHOBHOM HCHOJIb3yeTcsl AU dy3uoHHAs TEXHOJIOTHSL.
Bo Bcex TeXHOJOIMSAX BBEJCHHBIC NMPUMECH SIBISIOTCS JOHOPAMU HJIM aKLEel-
TOpaMH CBOOOIHBIX AJIEKTPOHOB. [lomaramu, 4TO DOHOpPAaMU SIBIISIOTCSI aTOMBI
MBILIBsKA, Gochopa WK CypbMbl. DTH IPUMECH IPU BBEICHUU B MOIYIPOBOJ-
HUK OTHAIOT CBOM OIMH W3 BAJCHTHBIX TPEX 3JEKTPOHOB, a CaMH OCTAaIOTCA
B BH/JIE TOJIOKUTEIBHO 3apsXKEHHON «JIBIpKW». B 3TOM ciydae monynpoBOIHH-
KOBBIM MaTepuan MoJy4yns Ha3BaHHWE n-TUMA, TaK KaK PEeINIM, YTO JIEKTpHUUe-
CKHH TOK B OCHOBHOM IOJAJEPKHUBAIOT 3JEKTPOHBI, & HE MOJOXHUTEIBHO 3apsi-
JKEHHBIC «IbIpKm» [1-3].

[Ipu nerupoBaHUM MOIYIPOBOJHUKOBOIO MaTepHasia TPEXBaJIEHTHBIMHU aTo-
Mamu uHAus (In) mim atomamu Gopa, almIOMHMHHSA, TAJIUS 3TH aTOMBI OTAAIOT
CBOM TPH BaJICHTHBIX 3JIEKTPOHA TPEM COCEIHUM aromMaM. JTO CO37aeT B KOBa-
JICHTHOH CBS3U «JBIPKy». [lomaranu, 4To Haauuue NOMOJIHUTEIBHBIX <«JIBIPOK»
MTO3BOJISIET DIIEKTPOHAM JIETKO NpeiihoBaTh OT OJHOM KOBaJCHTHOU CBS3U K APY-
roi. Tak Kak «AbIpKW» JIETKO 3aXBaThIBAIOT 3JIEKTPOHBI, TO aTOMbI, KOTODbIE
BHOCAT B IOJYHNPOBOIAHUKE IOIOJHUTENbHBIC «IBIPKW», SBISIFOTCA AKLEITO-
pamu. IIpr OOBIUHBIX YCIOBHSIX KOJMYECTBO «ABIPOK» B TaKOM MaTepHaje
3HAYUTEJIBHO MPEBBIIACT KOJUYECTBO 3JIEKTPOHOB. CIEeI0BATENBHO, «IBIPKM»
B QJIEKTPUYECKOM TOKE B 3TOM CIIydae SIBIISIOTCSI OCHOBHBIMH HOCHUTEIISIMH 3JICK-
TPUUECKUX 3apsJIOB, a 3JEKTPOHBI — HE OCHOBHBIMH. TaK Kak OCHOBHBIE HOCHUTE-
T «IBIPKM» 00JaAaloT MOJOKUTENBHBIM 3apsAgoM, TaKOH Marepuan Ha3BajH
MOJTYNPOBOAHUKOM p-Tuna [1-3]. Takoe nmpencraBieHue o padoTe p—n nepexoaa
B TpPaH3UCTOpax SBISETCS YHCTO KauecTBEHHBbIM. Ha Takux mnpencraBieHHsIX
MOJTHOCTBIO MOHSAThH, Kak paboTaeT MOJyNPOBOAHUKOBEIN TPaH3UCTOP, HE Tpea-
CTaBJIAETCS BO3MOKHBIM.

Jlis TpaH3MCTOPOB pa3pabOTaHbl JIBa THUIA KOHCTPYKLUUH — OHUIIOJSIPHBIC
u nosieBele. 1o panee copMUPOBAaHHBIM NIPEICTABICHUSIM B 000MX THUIIAX TPaH-
3UCTOPOB MCIIOJB3YIOTCA ABa p—n nepexona. Popmupyrores oba mepexona Iy-
TEM JIETHUPOBaHMS OCHOBHOT'O IIOJIyIIPOBOIHUKA Pa3HBIMHU IPUMECAMH. Y KaTona
Y aHO/Ia BBOJWJIN OJMH THUII IPUMECH, & MEKAY HUMHU — APYTOH U MOJIaraiu, 4To
BO3HMKAIOT J]Ba BApHaHTa POBOAUMOCTEN: n—p—n nwin p—n—p. llpu Takom oboc-
HOBaHUM MHOTHE SIBJICHHS, BO3HHUKAIOIME B TPAH3HCTOPE, HEBO3MOXHO Ipen-
BUJAETh U, YTO OYCHb BaXXHO, 0OOCHOBATh YCJIOBHSI €r0 ONTHMAIbHOW PabOTEHI.
B 3T0# CBSI3M HEOOXOAMMO JAETaTbHO BBIACHUTH CTPYKTYpY TpaH3HCTOpa H TO,
MoYeMy 3Ta CTPYKTypa MO3BOJIAET PETryJINPOBaTh MPOXOKACHHUE IIEKTPUUECKUX
TOKOB Uepe3 TPaH3HUCTOpP.

Jns peanu3anyy MOCTaBICHHOHN LENM HE0OXO0IMMO PEIUTh CIEAYIOIHUe 3a-
Jla4u:

— 000CHOBATh CTPYKTYPY MOIYIIPOBOJHUKOBON OCHOBBI;
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— BBIACHUTB, YTO IMPOUCXOJUT, KOTAa IMOJTYIIPOBOAHUKOBAA OCHOBA JICTUPY-
€TCA pa3HBIMU 3JICMCHTAMU,

— OTPEJCITUTh DHEPTHUIO CBSI3M BBEJICHHBIX MPUMECEH B MOJTYIPOBOIHUKOBYIO
OCHOBY.

OcHOBHAA YacTh

Cmpykmypa nosiynpo8ooOHuKo60il 0cHogwl. 11py pou3BOJICTBE TPAH3UCTO-
POB B KaueCTBE MOIYIPOBOJAHUKOBOM OCHOBBI IPUMEHSIOTCS B TBEPIOM COCTOS-
HUW KpPEMHMH WM F€pMAaHMM C MOBEPXHOCTBIO KpUCTAJLIa B MHAEKcax Muuie-
pa (111), koTopas obnazaeT MaKCUMaJIbHON IJIOTHOCTBIO aTOMOB Ha MOBEPXHO-
CTH KpHCTaJUIa, a caMa IMOBEPXHOCTb SIBISIETCSA MJEalbHO IUIOcKoi. Takas mo-
BEPXHOCTh IKCIIEPUMEHTAIBHO MOJPOOHO M3yUYeHA MPHUMEHHUTEIBHO K KPEMHHIO
TYHHEJIBbHBIM MUKpOCKOIOM [4—7]. Pe3ynbpTaT npuBeneH Ha puc. 1.

Puc. 1. TToBepXHOCTb U3 TPEXaTOMHBIX MOJIEKYJI KDEMHUS IIPH 110/1a4e HAIIPSDKSHUS Ha 30H]
B TYHHEJbHOM MHKpockorne +2 B (a) u —2 B (b): 1 — nByxmapHbie TpeXaTOMHBIE MOJIEKYJIBI;
2 — cton6000pa3HbIe MyCTOTHI HA IOBEPXHOCTH U3 TPEX IBYXIAPHBIX MOJICKYIT

Fig. 1. Surface of triatomic silicon molecules with a probe voltage of +2 V (a) and -2 V (b)
applied in a tunneling microscope: 1 — two-pair triatomic molecules;
2 — columnar voids on the surface of three two-pair molecules

IIpu nanpsbxkenun +2 u —2 B, mogaBaeMoM Ha 30HJ MUKPOCKOIIA C BHICOKHM
MIPOCTPAHCTBEHHBIM pa3pelICHUEM, MOXHO «BUICTBHY KaXKIYIO OTIEIBHYIO 4a-
CTUmy. Pa3Mep OTACIIBHBIX YaCTUI] Ha IOBEPXHOCTHU KPCMHHA COOTBETCTBYCT
TPEXaTOMHBIM MOJIEKYJIaM, ¥ KOTOPBIX B IIEHTPE BCTPOEH TOJIOKATEINBHBIN HITH
OTpUIIATEIbHBIN ANeKkTprueckuil 3apsa. [Iporecc dhopMupoBaHus TOBEPXHOCTH
B TBEPAOM IIOJYIMPOBOJHHUKE M3 TPEXATOMHBIX MOJICKYJI IMPOUCXOIUT B TaKoOM
MTOCIIEI0OBATEIEHOCTHU: JIBE MOJIEKYIIBI C PAa3HBIM AJIEKTPUYECKUM 3apsoM B IIECH-
TPE COCIUHSIIOTCS B MapHbIe 00pa3oBaHUs. 3aTeM TP MapHbIE 00pa30BaHUs CO-
3/1aI0T OCHOBHOM MOBEPXHOCTHHBIN KinacTep. OCHOBHBIE MTOBEPXHOCTHRIC KIIacTe-
pBI MeXxay co0oii cBsi3aHBI MapHO# cTpykTypoi. IlociaenoBarenbHOCTh (hOpMU-
pOBaHUS MMOBEPXHOCTH B TBEPJIOM TeJIe U3 TPEXATOMHBIX MOJIEKYJI IIPEICTaBICHA
Ha puc. 2. B mleHTpe 0CHOBHOTO MOBEPXHOCTHOTO KJacTepa BO3HHUKAET CTOJI0O-
oOpa3Hast mycToTa (4epHasi OKPY>KHOCTB), KOTOpasi OMUPAETCsl Ha KPUCTAILT T10-
JMynpoBoJHKKA. Pazmep cTonboo0pa3Hoii MyCTOTHI U COOTBETCTBYIOIUX MPUME-
ceil TO3BOJISIET HETIOCPEACTBEHHO HAa KPHUCTAUIC TepMaHUs WM KPEMHUSI BHYTPH
CTOJI0000Pa3HON IMyCTOTHI Pa3MECTHTHCS OAHON TPEXaTOMHOW MOJEKYJe WIIH
OJIHOHM JIBYXaTOMHOU MOJIEKYJIE BBOAUMBIX IIPUMECEH MBIIIbSIKA U UHIMS.
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Puc. 2. a— TpeXaTOMHAaA MOJIEKy/Ia C MOIOKHTEIBHBIM 3apAIOM B IIEHTPE;
b — TpexaToMHaA MOIIEKy/Ia ¢ OTPHUATEIBHBIM 3apAIOM B LIEHTPE; ¢ — NapHAA KOHCTPYKIHA
H3 TPEXaTOMHBIX MOJIEKYT: d — OCHOBHOMH MOBEPXHOCTHBIH KIACTEP H3 TPEXATOMHBIX MOIEKYIL,
B IIEHTPE KOTOPBIX HAXOJHTCA CTOI0000pas3Had IMyCTOTA; € — SIEMEHT IIOBEPXHOCTH TBEPAOTO TelIa
H3 OCHOBHOTO KJIacTepa, BOKPYT KOTOPOI'O PacIOIOKEHBI IIapHBIE 00pa30BaHHA,
00be IHHAIONTHE NOBEPXHOCTHBIE OCHOBHBIE KIACTEPHI

Fig. 2. a— triatomic molecule with a positive charge at the center;
b — triatomic molecule with a negative charge at the center; ¢ — paired structure
of triatomic molecule; d — main surface cluster of triatomic molecule,
in the center of which there is a columnar voids; e — solid surface element from a primary cluster,
around which paired formations are located, combining surface primary clusters

ITpomecc oGpa30BaHA MOIEKYIAPHBIX CTPYKTYP H3 ABYXAaTOMHBIX MOIEKYT
IIpH JTETHPOBAHHH HX HA MOTYIPOBOJHHKOBYIO OCHOBY IOKa3aH Ha pHC. 3. Ilpu
H3TOTOBJIECHHH TPAH3HCTOPOB HHTEPEC MPEICTABIAET IOBEPXHOCTH, COCTOSAMIAA
U3 OJHHAKOBBIX JBYXAaTOMHBIX MOIEKYHd DKCIEPHMEHTATbHO Ha TYHHETHHOM
MHKpPOCKOIE GBLTH IPOBEJICHBI HCCIEIOBAHHA H3MEHEHHS MOBEPXHOCTH KpPEM-
HHS IPH JTETHPOBAHHH HHIHEM [6].

snta,

L

-
Puc. 3. a— 1ByXaToOMHas MOJEKy/Ia H3 Pa3HBIX aTOMOB; b — IPOMEKYTOYHBIH KIacTep;
€ — OCHOBHOH KJIacTep H3 ABYXaTOMHBIX MOJIEKY/ Pa3HBIX aTOMOB; d — ZByXaTOMHAd MOJIEKyIa
H3 OJHHAKOBBIX 4TOMOB; € — IPOMEKYTOUHBIH KIacTep; f — OCHOBHOH IIOBEPXHOCTHBIH KIIaCTep
H3 OJHHAKOBBIX aTOMOB

Fig. 3. a— diatomic molecule made up of different atoms;
b — intermediate cluster; ¢ — basic cluster of diatomic molecules of different atoms:
d — diatomic molecule made up of identical; e — intermediate cluster;
f— basic surface cluster of identical atoms
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Pe3ynpraTel  JerMpOBaHMS IOJYHNPOBOJHHKOBOH OCHOBHI ITOBEPXHOCTH
KPEMHUS MOJIEKYJIaMU MHIUS B 3aBUCUMOCTH OT BPEMEHH JIETHPOBAHUS TOKa3a-
HBI Ha puc. 4 [6].

‘ Puc. 4. TlocnenoBatenbHOCTh HOPMHUPOBAHUS UICHKN HHIUS

Ha noBepxHocTH KpeMHus Si (111): a — IIMTETBHOCTS HATBUICHUS
2 muH; b — 6 Mun; ¢ — 8 mun; d — 15 MumH;

.' € — JUINTENIbHOCTh HanbuieHust 20 MuH; 1 — MOJeKyIbl; 2 — KllacTephl
" Fig. 4. Sequence of indium film formation on the Si (111) silicon

surface: a — spraying duration 2 min; b — 6 min; ¢ — 8 min; d — 15 min;
e — spraying duration 20 min; 1 — molecules; 2 — clusters

Dopmuposanue nogepxHocmu HOAYNPOGOOHUKOBOI OCHOBbL NOCTIE Jlezu-
posanus. B HaYabHBII MOMEHT JIESTUPOBAHUS, KOT/Ia MH/IHIA ObLT HArPET CTPOTO
JIO TEMIIepPaTyphl KUICHHS, MPEHUMYIIECCTBEHHO HCHAPSUIMCh MOJICKYJIbI HH-
must (puc. 4a). [loBepXHOCTDh KPEeMHHMSI OKa3ajgach MPAKTUIECCKU YUCTON, U JOCTa-
TOYHO PCAKO BUIHBI MOJICKYJIbI HHAMWA. HpaKTI/I‘IeCKI/I BC€ MOJICKYJIbI MHAWA 6I)I-
JM TOTJIOMIEHBI CTOI0000pa3HBIMH MyCTOTaMu M Ae(eKTaMu MOBEPXHOCTHOTO
ci1ost KpeMHHsL. HekoTopeie MOJIEKYI bl HHIUS OCAKIATUCH MEXKIy MOJICKYJIAMH,
KOTOphIe (OPMUPYIOT CTONO000pa3HYI MYCTOTYy, W HE TNPOHUKAIU BHYTPb
cTosboo0pasznoit myctoTsl (puc. 4d). Ilo Mepe yBennyeHns: BpeMEHHU JIETUPOBa-
HHS TeMIIepaTypa >KUIKOTO MHANS HECKOJBKO YMEHbIIANach, M ATO MPUBOANIO
K MCIApEHHUI0 MPEUMYIIECTBEHHO OCHOBHBIX KJIACTEPOB MHIMS (TPEYTrOJNbHUKH
Ha puc. 4b). B 3TOM cirydae MOTOK HUCTIapeHUS KIACTEPOB 3HAYUTEIIHHO IMPEBOC-
XOJUT TIOTOK MCHAapeHHUs] MOJIEKYJI MHIUSA. DTO OOYCIOBIEHO TEM, YTO B COOT-
BCTCTBHU C BBIINOJTHCHHBIMH OLICHKAMH CHUJIbI IOBEPXHOCTHOI'O HATSXKCHUA IJIA
MOJIEKYJI OTJIMYHBI OT HYJISI, @ AJISl KJIACTEPOB IIOYTH PaBHBI HYJIO.

Macca OCHOBHBIX KJIaCTEpOB W3 JIBYXAaTOMHBIX MOJIEKYJ B MOTOKE 3HA4H-
TENILHO OOJIBIIIE MACChl OTACIBHBIX MOJEKYT uHAMS. [To3TOMY B mporiecce ucmna-
peHus BOIM3M TeMIepaTypbl KHIICHUS Y JKHIKOW MOBEPXHOCTH WHIMS OTHCIb-
HbIE MOJICKYJIBI © OCHOBHBIC MTOBEPXHOCTHBIC KIIACTEPhl 00pa3yIoT «map», U Ha
MOJYTIPOBOJHHKOBYIO MOBEPXHOCTh BHYTPh CTOJIOOOOPA3HBIX IYCTOT OCaXJia-
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IOTCSl PEUMYIIECTBEHHO TOJNBKO IBYXaTOMHBIE MOJEKYJbl WHIOUS WM TPeX-
ATOMHBIE MOJICKYJIbI MBIIIIBSKA.

U3 puc. 4d cnenyet, uto cronboobOpa3Has mycrora, chopMUpPOBaHHAS HA I10-
BCPXHOCTH KpUCTAJLJIa TCPMaHUA WM KPEMHUA, B MIPOLCCCEC MHTCHCHUBHOIO JIC-
THPOBAHHS OCTAETCS IMOCTOSTHHO OTKPHITONH. Ha MOBEpXHOCTH KpHCTalIa B CTOJ-
0000pa3HyI0 MyCTOTY OCaXKJAeTCsl TPeXaTOMHAas MM JBYXaTOMHAs MOJIEKyJa,
Y TIPOUCXOIUT TIOJTHAsI OJIOKMUPOBKA JANbHEHUIIIET0 TPOHUKHOBEHHS B CTOJI0000-
PasHyIo MyCTOTY APYTHX MOJIEKYJ IpUMecH. DTO 00YCIIOBIICHO Maslol SHEPrue
CBSI3U MOJICKYJ C aTOMaMH BHYTPH U CYIIECTBEHHO OOJBINECH SHEpPrueu CBs3U
C MOJIEKYJIaMH BOKPYT CTOJI0000pa3HOM ITyCTOTHI [6].

BHyTpeHHsIsT cTpyKTypa TBEpAOTo Tena (Kpucramia) GopMHpyeTcs 00beM-
HBIMH KiacTepamu'. DOPMHpPOBAaHHE TBEPAOr0 Tela OOBEMHBIMH KIACTEPAMH
paccMoTpeHo B paboTax aBTopa [8, 9]. B pe3ynbpTare ycTaHOBIEHO, YTO B y3/Iax
KPUCTAJUINYECKON CTPYKTYpPbl HaxXOIATCA IIOJIOKUTEJIBHO 3apsKEHHBIE HOHBI
SJIep aTOMOB KPUCTAIlIA, & MEXITy SIIPaMH aTOMOB HaXOISATCS 3JIEKTPOHBI, KOTO-
pble HE CBOOOJHBIC, a XAOTHYECKH OOMEHMBAIOTCS MEXKAY aTOMaMH IEePBOH,
BTOPOU W TPeThed KOOPAWHANMOHHBIX Cep BHYTPH KPUCTAIMICCKOW peIeT-
ku. B pesynbrate BozHHKaeT 3¢pekT kak Obl CBOOOJHBIX IIEKTPOHOB.

Pacnipenenenue 3meKTPOHOB TIO SHEPTHSAM BHYTPH KPHCTAUTMIECKON pereT-
KH DKCIIEPUMEHTAIBHO TIOJIYYeHO PEeHTTCHOCKOIHEH, a cTporas Teopust pazpabo-
TaHa W ommcaHa B pabotax [10, 11], 4TO MO3BOMMIO ONpPENENUTh BEIHUNHY
CMEIICHUS TPaHHIIBI HOHU3AIMH aTOMOB, 30HY TPOBOJMMOCTH W 3aIlpPEIIeHHYIO
30HY KpUCTajuia 10 ypoBHs Depmu.

B kaudecTBe OCHOBBI B TPAH3UCTOPaX MCIOJIB3YIOT KPEMHHUM WM T€pMaHUH.
OTH 3MeMeHTHl (HOPMHUPYIOTCS TPEXaTOMHBIMHU MoJeKynamMu [6]. Pesymbrarhr
pacyera pacmpeiescHUs] DIIEKTPOHOB O SHEPTUSM JJIsl KPUCTAJUIOB KPEMHHUS
Y TepMaHus npuBeaeHsl Ha puc. 5 [10].

[Mponecc nerupoBaHusi MOTYMPOBOJHUKOB OCYIIECTBIISIETCS TPEXaTOMHbI-
MH WIH JBYXaTOMHBIMH MoOJIeKyamu [15, 16]. IloaTomy BHYTph cTOI0000pa3-
HOW MYCTOTHI KPEMHHUSI MJIU TepMaHHs OyIyT OCakIaTbcs B OCHOBHOM TpEX-
aTOMHBIE MOJIEKYJIBI MBIIIBSAKA WM JBYXaTOMHBIE MOJEKYJIBI WHAUS (puc. 6).
BHenpeHHbIe MOJNEKYNBI Ha TOBEPXHOCTH IOJYIPOBOJHUKOBOTO KpHCTaIa
CaMOITPOM3BOJIBHO PaclaJaroTcsl Ha aTOMbL. ATOMBI Ha ITOBEPXHOCTH KpHUCTaJ-
J1a TIONYTIPOBOJHUKOBOW OCHOBBI BHYTPH CTOJ0000pa3HON MYyCTOTHI BCIEH-
CTBUE OOMEHHOTO B3aMMOJACHCTBUS NPeOBIBAIOT B BHJIE OTPUIATEIHHBIX HOHOB
(puc. 6). Ha ocHOBaHMYM 3THX MAaHHBIX ObLTA MOJyYeHA KOHIIEHTPAIlUI aTOMOB
npuMecH B CTOI0000pa3HO MycTOTe M B CpelHEM Ha BCel JIETHPOBaHHOW
TUTOIIAU TTOJyTIPOBOJHUKOBON OCHOBEI. PaccMOTpuM mociemnoBaTeNbHO, Kak
3TO MPOUCXO/INUT.

! OxcnepumentansHo . A. Mecsimem [12—14] ObUTO yCTaHOBIEHO, YTO B KAaTOAHOM
MSTHE MOIIHOTO JYTOBOTO pa3psja pa3pylICHHE OCYLICCTBIISCTCS OTACIbHBIMU YacTUIAMHU
9KTOHAMH, IOJIyYEHHbIH pa3Mep KOTOPBIX COBMNAAAET ¢ OObEMHBIMH KJIACTEPaMH, T. €. IKTO-
HBI — 3TO 0OBEMHBIC KJIACTEPhI, KOTOpPBIE POPMUPYIOT KpucTasi [14].
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Ha ocHoBanHH pHC. 6d 3pPeKTHBHBIH pagHyc cT0I6000pa3HOH MyCTOTHI A1
KPEMHHS paBeH 3.5 A, a JUId repMaHHA C yU4eTOM Pa3sHOCTH Pa3MEPOB aTOMOB
coctapiseT 3,796 A. Ha kakayro CTOI6000pasHyI0 MyCTOTY HA MOBEPXHOCTH
KpEMHHS IIPHXOJHTCSA KPYroBas MOBEPXHOCTh PAJHYCOM 7y = 1.54-10” M. Crre-
JOBATENbHO, IPH 20 % nedekTHOCTH >((eKTHBHAA MOBEPXHOCTHASA IIIOTHOCTh
cT010000pa3HbIX MyCTOT 11 KPEMHHS COCTaBHT ~1,07- 10" M‘2, a U1 TepMaHus
310 ~8,73:10" M.
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Puc. 5. PactipenencHue 31eKTPOHHOH IITOTHOCTH IO 3HEPTHAM JULA:
a — kpeMHHA; b — repmanus [10, 11].

Fig. 5. Distribution of electron density by energy for:
a —silicon; b — germanium [10, 11].
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Puc. 6. PacmionoxeHHe BHYTPH CTOI0000pa3HOH ITyCTOTHI OTYyIIPOBOJHHKOBOH OCHOBBI:

a — TPEXaTOMHBIX MOJICKYJI MbIIIIbAKA, b- ABYXATOMHBIX MOJICKYJI HHIHA.
1- MOJIEKYIbI IIOTYIIPOBOIHHKA 2 — aToMBI TIPpHMECH

Fig. 6. Arrangement a columnar void of the semiconductor base:
a — triatomic arsenic molecules; b — diatomic indium molecules inside:
1 — semiconductor molecules; 2 — impurity atoms
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[Ipu TemmepaType KHIIEHHS HCIIApEHHE MBIIIbSIKA MPOUCXOIUT HKEJITOro
1[BETa, TBEPJOE TEJI0 KOTOpOro obmamaer KyOwdeckod cTpykrypoil. Takas
CTPYKTypa KpHCTallIa CO3/IaeTCsl TPEeXaTOMHBIMH MoJeKynamu. [lostomy meru-
pOBaHKE MOTYTPOBOJHUKOBONH OCHOBBI MBIIIBSIKOM NMPOUCXOJIUT TPEXaTOMHBIMU
MOJIEKyJIaMH, & WHIWHA 3alloNHSAET CTOJIO000pa3HBIE MyCTOTH IBYXaTOMHBIMH
MoJekyiaaMu. IIpu 3ToM B cT010000pa3HyI0 MycTOTY MPOHUKAET TOJIBKO OJHA
MOJIEKYJIa.

Bce Tena B nmpupoae cTpeMATcs 3aHATh MUHUMYM MOTEHIHATbHON SHEPTUH.
[TosToMy Ha TTOBEPXHOCTH KPHCTAJUIA MOTYIPOBOJHHUKA ITPOUCXOTUT CaMOTIPO-
M3BOJIBHBIIN pacraj] TPeXaTOMHBIX MOJIEKYJI MBIIIbSKA U JBYXaTOMHBIX MOJIEKYI
WHAHSA Ha aTOMBL. DQQPEeKTUBHAS TpeAeNbHas KOHIICHTPALMS BBEICHHBIX ITPUMe-
cell B KpEMHMU aTOMOB MBIIIbSIKA COCTAaBJISIET 5,04-10°° M°, a s repMaHust
570 3,95:10%° M’. COOTBETCTBEHHO TIPH TIOTHOM 3aIOIHEHHH CTOIO000Pa3HBIX
MyCTOT aTOMaMM WHAMS 3TH KOHIIEHTPALWU OCTAIOTCs MpexHuMH. [lomHOTrO
3aIOIHEHUST CTOI0000PAa3HBIX MYCTOT B MPOIIECCE JIETHPOBAHUS TIOITYITPOBOIHHU-
KOBOM OCHOBBI MPUMECAMHU TOJYYUTh HEBO3MOXKHO. OJJHAKO B 3TOM HET HE0O-
xoaumoctH. [locne 3aBepiieHus mporecca JETUPOBaHUS BCE CTOI0000pa3HbIE
MTyCTOTHI MTOTHOCTHIO 3aITOTHEHBI aTOMaMH MBIIIbSIKA U WHAHSA, KOTOPBIE MPeObI-
BalOT B BUJIE OTPULIATEIbHBIX HOHOB.

DHepeus ceasu ompuyamenbHvlX UOHOB C KPUCHANIOM ROJIYRPOBOOHUKO-
601l 0CHO6bI. DHEpreTnieckas cxeMa B OMIONAPHBIX TPAaH3UCTOPAxX, KOTOpas
peann3yeTcs TpH JISTHPOBAHUK KPEMHHUS M COOTBETCTBEHHO T€pMaHUS MBIIIb-
SAKOM M MHAWEM, pUBeleHa Ha puc. 7. Hagano orcyera snepruu (0) coorBert-
CTBYET pHuc. 5.

OKCIepUMEHTAIbHO JO0Ka3aHO, YTO JIETHUPOBAaHHE IOBEPXHOCTH MOJYIPO-
BOJIHUKOBOM OCHOBBI IMPOUCXOAHWT TOJNBKO Ha TIYOWHY MOHOMOJICKYJISIPHOTO
cios [15, 16]. B pe3ynpTare KOJUIEKTHBHOTO B3aUMOJICUCTBHSI aTOMOB MTPUMECH
Ha TIOBEPXHOCTH KpHCTaUla B CTOJI0000pa3HBIX MycToTaX uX 3(dexTnBHAA
SHEprusl CBA3M BO3PACTAET J0 SHEPTHU CMEIICHUS TPaHULbI HOHHU3AlUHd aTOMOB
MOJTYTIPOBOJHUKOBON OCHOBBI. OTpHUIIATETHHBI MOH Ha MOBEPXHOCTH KPHCTal-
J1a TIOJYTIPOBOJHHUKOBOM OCHOBBI B COOTBETCTBUH C PHUC. 7 CBSI3aH C OCHOBHOM
3HEpruemn

AE=AE; - Ey, (1

rae AE; — cMenieHue rpaHullbl HOHU3AIMK aTOMOB MOJYIPOBOJIHUKOBON OCHO-
BBI, KOTOpasi OMpeJesIsieT TPaHuIly Hauaua 30HbI IPOBOANMOCTH TOJIyTIPOBOIHH-
KOBOTO KpuCTamia; £, — SHeprus CpoAcTBa aTOMOB IPHMECH, KOTOpPBIE Haxo-
JSITCS B 30HE MPOBOIUMOCTH.

ITepexox (1) i OTpHIIATENFHOTO MOHA HE 3alpelnieH, ¥ OH MPOHCXOIUT
B 30HE MPOBOJMMOCTHU BCICACTBUE MEPEX0Ja U3 CBA3aHHOTO COCTOSHHS B CBO-
0omHOe cocrostHUE (pHc. 5). OOpa3yomuiics TON0KUTEIBHBIN 3apsa B Hadaie
30HBI TPOBOJTUMOCTH CBOUM IT0JIEM KOMIICHCHPYET I0JIe, CO3JaBaeMoe OTpHUIla-
TENBHBIMUA HOHAMH TIPHMECH.
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Puc. 7. JHepreTHUSCcKad CXEMa PACHOIOKEHHA IPHMEceH B CTOI0000pa3HOH ITyCcTOTE
IIPH JETHPOBAHHH NOBEPXHOCTH (111) MBIIIBAKOM H HHIHEM: a — KDEMHHA; b — repManu1,
1 — cBA3aHHBIE YIEKTPOHBI

Fig. 7. Energy diagram of the impurity distribution in a columnar void when the (111)
surface is alloyed with arsenic and indium: a — silicon; b — germanium,
1 — bound electrons

Monekyasl IpHMeCeH, KOTOPBIE OCAXKIAITCA HA IIOBEPXHOCTHBIH CIIOH BO-
Kpyr CT010000pa3Hoil IyCTOTHl MOTYIPOBOAHHKOBOH OCHOBHI T'€pPMAaHHSA HIIH
KpeMHHA (pHC. 4d), HEMOCPEACTBEHHO B3aHMOJAEHCTBYIOT ¢ MOJEKyJIaMH IIO-
BEPXHOCTHOI'O CIOS HOIYIPOBOAHHKOBOH OCHOBHI, T. €. B KOHEUHOM HTOre
C KaToJOM H aHOJOM H3 alIOMHHHA. B 3TOM ciIydae 00pa3oBaHHE OTPHIIATENb-
HBIX HOHOB MOJIEKY!I IIPHMECH IIPOHCXOIHT 50JIEe CIIOKHBIM 00pa3oM.

ClefyeT yYHTHIBATh, YTO MOJIEKYIBI IIOBEPXHOCTHOTO CIIOA TEPMAHHsA HIH
KPEMHHA TaKXkKe O0IIafaloT SHEPrHeH CpOJACTBA K 3IEKTPOHY H TOIZA B3aHMO-
JIeHCTBOBATh OCAXK/ICHHBIE MOIEKYIBI OYAYT YK€ C MOJIEKYIaMH IIOBEPXHOCTHO-
IO CJIOS HOMYIPOBOAHHKOBOH OCHOBBI BOKPYT CTOIO000Pa3HBIX IIYCTOT, T. €. C MO-
JIeKylIaMH TepPMaHHA WM KpeMHHA. [Ipon30i1eT B3aHMOIEHCTBHE MEXIY OTPH-
[aTeIbHBIMH HOHAMH MOJIEKYJ IOTYIIPOBOJHHKOBOH OCHOBBI H OCaKICHHBIMH
MOJIEKYJIaMH IPHMECH C 00pa30BaHHEM OTPHILATENBHBIX HOHOB TPEXAaTOMHBIX
Moekyn [15, 16]. IIpu 3ToM peanH3yroTcs peakIlHH 00MeHa 7IEeKTPOHAMH MEK-
Iy MOJIEKYJIaMH BOKPYT CT0JI0000pa3HOM ITyCTOTHI CIIEAYIOMIETO BHA:

Ge; + As; > Ge; + As;: Si; + As; — Si; + As;. )

C yd4eToM BIHSAHHA TEMIIEPATYphl PEAKIHH (2) BO3HHKAIOT JOCTATOYHO -
¢exkTHBHO. B 3TOM cilygae 3HAKOIEpPEMEHHAs CTPYKTypa IIOBEPXHOCTH HE
HapyIIaeTcs, HO HOHHM3ALHs OTPHIATENBHBIX HOHOB MOJEKYI HE IPOHCXOIHT,
TaK KaK JIEKTPOHBI B TPEXAaTOMHBIX MOJIEKYJIaX IPHMECH HAXOJATCSA B CBA3aH-
HOM COCTOSIHHH C 3Hepruel cpojctBa 6oiee 2—4 3B [17]. ITo3ToMy Takhe 37eK-
TPOHBI B IPHHITHIIE HE MOTYT yJacTBOBAaTh B (JOPMHPOBAHHH 3IEKTPHUIECKOTO
TOKA IIPOBOJAHMOCTH HIIM CMEINEHHS, TaK KaK SBIAIOTCA CBA3AHHBIMH JOCTAaTOY-
HO IIPOYHO HAa OCHOBAHHH PHC. 63, a TAKKE Pa3MEPOB aTOMOB H MOJIEKY!I (Tal. 1).
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Tabnuya 1

3Hayenusn paanycoB aTOMOB B KpUCTaJ/lJ1€, MOJIEKYJIEe U CBOOOIHBIX aToMax,
a TaKiKe CPOJACTBO K 3JICKTPOHY U BCTPOCHHOT0 ATOMHOTI0 JICKTPUYECKOI'0 MOMEHTA
B aTOMax U MOJIEKYJax

Atomic radius values in crystals, molecules, and free atoms,
as well as electron affinities and built-in atomic electric moments
in atoms and molecules

Oca)KZ[aeMLIC HacTHULbI 1 OCHOBA

[Tapamerp
I'epmanmii | Kpemanit | Mpimesk | Uaouid | AmomMuHu#
Paguyc aToma B kpucraie, A 1,39 1,18 1,200 1,66 1,43
Paauyc cBobGoaHOTO aTOMa, A 1,536 1,475 1,390 1,998 1,817
Paguyc monexysl, A 2,210 2,122 3,226 3,336 2,614
CpOACTBO K DIIEKTPOHY aTOMOB, 5B 1,23 1,5 (1,38) 0,81 0,3 0,44

JIMIoIBHBINA IIeKTpUYECKU
MowmenT atoma, Kin-m -10% 2,618 5,10 2,980 | 1,331 3,41

BeJII/I‘{I/IHa 3apsma B L{eHTpe
momexysr, K102 1,704 3,458 1,908 | —0,666 2,135

Kaxnas Monekyna B cToa0000pa3HOH IyCcTOTE paclafaercss Ha aTOMBI,
KOTOPBIE IIPEBPALLAIOTCA B OTpULIATENbHBIE HOHBL. Ha Tpu oTpuLlaTENbHBIX HOHA
MBIIIbSKA M Ha JBa OTPULATEIbHBIX HOHA WHIUS B LIEHTPE CTOII0000Pa3HOM my-
CTOTHI MOJHOCTBIO BO3AECHCTBYET MPHUIIOKEHHOE BHEIIHEE JJIEKTPUIECKOE TOJIE.
ITpu u3BecTHOM 00BEME CTOJIO00OPA3HOM MYCTOTH M KOJMYECTBA B HEW OTpHLIa-
TENBHBIX HOHOB ONPENEISAETCS UX KOHIEHTpays, a IpU 3aJaHHON TeMIlepaType
U TPUIOKEHHOM BHEIIHEM JJIEKTPUYECKOM IOJIE NMPOUCXOJUT MPOLECC HOHH-
3alMM OTPULATENBHBIX HOHOB WM BO3HUKAET 3JIEKTPUYECKUH TOK CMELICHMS.
Kax 3T0 mpoucxoaut, pacCMOTPUM BO BTOPOH YacTH.

BBIBO/JIbI

1. [IpoBenen aHaM3 CTPOCHUS TBEPIOTO TeJa, TOBEPXHOCTh KOTOPOTo (op-
MHUpPYETCSI MOJIEKYJIaMH, a BHYTPEHHSS 00JIacTh — 3TO KpHCTal. Monekynbl Ha
MOBEPXHOCTH TPYNNHUPYIOTCS B IMOBEPXHOCTHBIE KJIAacTEpPhl C 0OpazoBaHHEM
M MEXKJIACTEPHBIX CTOJO000pA3HBIX IYCTOT, Yepe3 KOTOPHIE BUAEH KPHCTAILI.
Kpucramr hopmupyercss 00beMHBIME KJTaCTEpaMH.

2. HaHeceHue MOKpBITUH Ha MOBEPXHOCTh TBEPJIOTO Tella OCYIIECTBISAETCS
MOJIEKyJIaMH ¥ Jake TOBEPXHOCTHBIMH KIacTepaMu. MOJEKyIbl MPOHUKAIOT
B CTON000Opa3HBIE IYCTOTHI, TNle PacmaJaloTcs Ha aTOMBl C IpPEBpaIleHHEM
B OTpULATCIIbHBIC NOHBI.

3. OTpunaTenbHble HOHBI B TPAH3UCTOpaX PacIoyiaraloTcsa B 30HE MPOBOIH-
MOCTH HOJIynpOBO)Z[HHKOBOﬁ OCHOBBI, U X MOHMU3alUA IMPUBOAUT K q]OpMI/IpOBa-
HUIO TIEPEMEHHOT0 AJIEKTPUUECKOTO T0JIA B ITOH 30HE.
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4. OTpunarenbHble HOHBI BHYTPH CTOJI0000pa3HON IMYCTOTHI PACIIONIOXKEHBI

B 30HE MTPOBOJIUMOCTH, U 3TO HE IMO3BOJISIET B MIPOIIECCE JICTUPOBAHUS IIPOHUKATH
B 30HY IPOBOJAUMOCTH 0O0OJIEE OTHON MOJICKYJIHI.
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