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B pa6ore [1] moka3aHO, YTO MIpU OIPEaeIeHHBIX
YCIIOBMSIX B KOHTAKTHBIX 00JIACTSIX HAHOIPOBOJA MO-
I'YT BOBHUKHYTh pejaKcallMOHHAasI HEYCTOMYMBOCTh U
3aTyxalolle OCLHUIISLIUNA KOHUEHTPAIUU SJIEKTPO-
HoB. O0a 3TU IBJIEHUS UMEIOT ITOPOTOBLIN XapakTep U
BO3MOXHBI TOJIbKO B TOM CJIy4ae, €CJI MOABMKHOCTH
SJIEKTPOHOB B KOHTAKTaxX M IPOBOJISIIEM KaHajle Ha-
HOMPOBOAA pa3iUyHbL. [10J0XKMM, YTO MOABUKHOCTD
3JIEKTPOHOB B IIPOBOJIAILEM KaHajle HAHOIPOBOAA I,
00JIbl1IE UX MTOABUXKHOCTE B SMUTTEPHOM KOHTAKTE 1,
U KOJUIEKTOPHOM KOHTakKTe .. TOraa Mpu MOJOXM-
TEJILHOM CMEILLIEHUU MeXIY KOJUIEKTOPOM U dMUTTE-
pPOM peJlakCallMOHHAasE HEYCTOMYMBOCTh MOXET BO3-
HUKHYTb B KOJUIEKTOPHOM KOHTaKTe, a OCLIMJUISILIUA
KOHLIEHTpAllMU 3JIEKTPOHOB — B BMUTTEPHOM KOH-
TaKTe.

PemakcanimoHHasT HEYCTOWYMBOCTL pPa3BHBAETCS,
€CJIV TJIOTHOCTH TOKA B HAHOIIPOBO/E ITPEBHIIIAET I10-
poroBoe 3HaYeHWE

J ins — “cn(xjc)(z(a/ Lrelc(xjc)) X
X (l + (Tchelc(xjc)/ch)z(l - Hc/“ch)_la (1)
e n — KOHUCHTpAaUUs 3JICKTPOHOB, xjc — KOOpAMHa-

Ta YCJIIOBHOTI'O IEpPeXo1a MeX/Iy IMPOBOASIINM KaHAJIOM
HaHOIIPOBOAA M KOJIJIEKTOPHBIM KOHTAaKTOM;

e = kBT,

CBY uznyuenue, eenepamop, peaaKcayuoHHAas HEYCMOU4U8oCmy

kp — nocrosinHas bonbliMaHa, T — abCoOIIOTHAS TEM-
nepaTypa;

Lrelc = (hcchcc/en(cch + Gc))l/z

— JUIMHA pejlakCalli HEePaBHOBECHBIX 3JIEKTPOHOB
B KoJIIeKTOope; # — mocrostHHas [lnanka, meneHHas
Ha 2m; e — 3apsifl 2JIEeKTPOHA; G, U G, — MPOBOAU-
MOCTH 3JIEKTPOHOB B ITPOBOSIIEM KaHaJle U KOJIJIEK-
TOPHOM KOHTaKTe HaHONpoBona; L. — AJIMHa KOJ-
JIEKTOpAa.

B cooTtBercTBUM ¢ opMmyiioit (1) BeaTUUnHy

Eins = (2®/eLrelc)(1 + (nLrelc/ch)z)(l - P-c/lflch)_ls

MOXHO WMHTEPIPETUPOBATh KaK HAMPSKEHHOCTb MO-
pOTOBOTO TIOJISL.

IIpyynrHOA BO3HMKHOBEHHUS pejaKCallMOHHOM
HEYCTOMYMBOCTU SIBJISIETCSI CIAUIIKOM OoJiblIasi mpu
J > Jins CKOPOCTb HEPABHOBECHBIX 3JIEKTPOHOB, IIO-
MajgalonX M3 MPOBOMSIIETO KaHajla HAaHOIIPOBOAA B
KOJIJIEKTOPHBIM KOHTAKT. DT 3JIEKTPOHBI HE YyCIleBa-
IOT peJaKCUPOBATh K COCTOSHUIO TEPMOAUHAMUYEC-
KOT'O paBHOBECUS 3a BpeMs IMpoJieTa JUIMHBI pejakca-
uun L, 1 HAKaIJIMBalOTCA B KOHTAKTHOM 00JacTy.
CoracHo pacuetaM [2] UX KOHIIEHTpalUs SKCIIOHEH-
IMAJIBHO HapacTaeT ¢ MHKPEMEHTOM Topsiaka ©/2h
(oxono 40 TTu npu KomHaTHOI Temmiepatype). [1pu
TOCTUXKEHUU HEKOTOPOTO TMPENETIBHOTO 3HAYCHUS
KOHIIEHTpauuu [2] ee HapacTaHWe CMEHSIETCSI IKCIIO-

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 8, 2016 509



HEHIMAJIbHO OBICTPHIM 3aTyXaHUEM C JIEKPEMEHTOM
TOTO XK€ MOopsiAKa MO0 MPOMCXOAUT TEIJIOBOM TpO-
0oii. /111 HAaHOIIPOBOAOB C KOPOTKMM KaHajioM [1] u
HEBBICOKOW COOCTBEHHOW KOHIIEHTpAILIMEN 3JIEKTPO-
HOB B KOJUIEKTOPHOM KOHTAaKT€ pelaKCallMOHHAsI He-
YCTOMYMBOCTD TOJDKHA TIPUBOIUTDH K 3aMETHBIM U3MeE-
HEHUSIM B TIPOBOAWMOCTU CTPYKTYPHI.

Ecnu maoTHOCTh TOKA B HAHOIIPOBOJE IPEBHIIIAET
JIPyroe IOpPOroBoe 3HaYeHUE

Jose = M )((2/T)O/ LX) X
x (n(xje)/nch)(Le/Lre]e(xje))z(1 - “e/uch)_la (2)

B SMUTTEPHOM KOHTAKTEe BOZHUKAIOT 3aTyXalOIIUE Bbl-
COKOYACTOTHbIE OCLMJUISILIMM KOHLEHTpalUunu BJIeKT-
poHoB [1]. TIpuunHO# OCUMJUISILIMIA SIBJISIETCSI HENO-
CTaTOYHAsI KOHILIEHTPAIUS 3JIEKTPOHOB, HEOOXOINMBIX
IIJIsT oOecrneyeHusl B CTAllMOHAPDHOM pexXume Tpedye-
MOTO YPOBHS MX MHXEKIIMA U3 SMUTTEepa B MPOBOSI -
IIMIA KaHall HaHompoBoga. B dopmyne (2) Xjp — KO-
OopIMHaTa YCJIOBHOTIO Iepexona MeXIy 3MUTTEPHBIM
KOHTAKTOM U TIPOBOJSIIM KaHAaJIOM;

Lrele = (thhGe/en(Gch + Ge))l/z

— JJIMHA pejlaKCallui HEPABHOBECHbLIX 3JICKTPOHOB B
SMUTTEPE; G, — IMPOBOAMMOCTU JJICKTPOHOB B SMUT-
TEPHOM KOHTAKTC€ HAHONIPOBOJA,; 7., — COOCTBEHHasI
KOHLICHTpaluA 3JICKTPOHOB B IPOBOAAILICM KaHaJIC;
Le — JJIMHA SMUTTEpPA.

B cootBercTBUM ¢ hopMysioit (2) BeTUUMHY

Epe = ((2/1)0/eL,y,)
X (1) /M) (Lef Lygg) (1 = /1) ™!

MOXHO MHTEPIIPETUPOBaTh KaK HaNpsDKEeHHOCTh I10-
POTOBOTO TIOJIS.

Kaxk BugHo u3 dopmyn (1) u (2), B obiieM ciayyae
MOPOTOBBIE TNIOTHOCTHU TOKOB jj s U j,i, — PA3INYHbIE
BeIMYMHBI. VX OTHOIIIEHUE OIpeneseTcss BhIpaxe-
HUEM

jins/josc = nz(Lrechrele/ Lez)(”chn(xjc)/ ”(xje)z) X
X (1 + (nLre[c/ZLc)2((l - “e/“ch)/(l - “c/“ch))' (3)

Otcoga cleayer, 4To, BapbuUpysl IMapamMeTpbl Ha-
HOIIPOBOJA, MOXHO TOOUTHCS TOTO, YTO 00a paccMmar-
pUBaeMbIX SIBJICHUSI HAQUHYT pa3BUBATHCS TPU OJHOM U
TOM € 3HAaYeHUHM IOPOroBOl MJIOTHOCTU Toka. [lpu
5TOM B SMUTTEpPE IOSBUTCS BCTPOEHHAS] WHIYKTHUB-
HOCTb, @ B KOJIJIEKTOPE MOXET COpMHUPOBATHCS 00-
JIaCTb C OTpULIATEIbHBIM TUddepeHIIaTbHBIM COMPO-
TUBJeHUEM. To eCTb MOTYT BO3HUKHYTbH YCJIOBUSI, He-
obxoanMmele ai1g reHepanyy CBY mMoiHoCTH.
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ManocurnanbHas cxeMa 3aMeleHus HAHOIpoBOAA

Ha puc. 1 cxemaTnuHo n300pakeH HAHOIIPOBO, a
Ha pUC. 2 TMOKa3aHbl XapaKTepHble MOTEHILIMAJIbHbIE
pelabedbl 1J19 3JEKTPOHOB B TaKOW CTPYKType IpuU
Pa3IUYHBIX NTOMEPEYHBIX pa3Mepax MPOBOASIIETO Ka-
Haja. BuaHo, 4To rpaHUlibl KOHTAKTOB C MPOBOJIS-
IIMM KaHaJIOM MPEICTABISAIOT COO0M reTepOnepeXOibl.
CBoiicTBa 3TUX TMEPEX0J0B MOTYT OKa3bIBaTh CYILIECT-
BEHHOE BJIMSIHME Ha BJIEKTPUYECKUE XapaKTEPUCTUKU
HaHOIPOBO/A.

Ecnu depe3 HaHOMpPOBOJ MPOTEKAeT TOK C ILUIOT-
HOCTBIO j, TO I MaaeHus HanpskeHus V cripasen-
JIMBO BbIpaxxeHue [1]

V= Vohm + Vje + VjC' “)

Bennuuna V), — 510 omuyeckuii Bkiaa B V, xo-
TOPBIA MOXET OBbITh 3allMCaH B BUJE

Vohm zjrohm’ (5)

Puc. 1. Hal-lOl'[pOBOIl — CTPYKTYpa, CoCToAlasA U3 NPOBOAALICTIO Ka-
HaJIa M IBYX KOHTAKTOB

Fig. 1. A nanowire — the structure of the conducting channel and two
contacts

Puc. 2. Ilotennuanbubie pesibedbl 1S 3JEKTPOHOB B HAHONPOBOIE
TIPH HYJIEBOM NPHJIOKEHHOM HANPSKEHNW, KOMHATHOW TeMmepaTtype
H Pa3IMYHbIX NONEPEeyHbIX pasmMepax NpoBojsumero Kanana L, (kpu-

Bble cHu3y BBepX) L, > Ly, Ly = Ly, L, = Ly,/2, Ly, — Anuna pas-
MepHOro KBAHTOBAHHS

Fig. 2. Potential reliefs for electrons in a nanowire at zero applied voltage
at room temperature and different transverse dimensions of the conductive
channel L , (botiom-up curves) L, > Ly, L, =Ly, L, =Lg,/2, Ly, —
length of size quantization




TIE 7., — YAEIbHOE OMMYECKOE CONPOTHUBJIECHUE
CTPYKTYpPBI, MpeACTaBIsIolIee COO0M CYMMY YASTbHBIX

OMUYECKUX CONPOTUBICHUIA 3MUTTEPA Fpppmpr TIPOBO-
JSLIEro KaHaua 7., U KOJUIEKTOPA 7yp -
Fohm = Yohme T ch +r Tohme: (6)

BeanmauHbr Vje Vjc ONKCHIBAIOT BKJIAAbI TETEPOIIE-
PEX0J0B MEXAY SMUTTEPOM U MPOBOASILIUM KaHAJIOM,
KOJIJIEKTOPOM M TIPOBOISIIMM KaHaJOM, COOTBETCT-
BEHHO, B o0lliee MaJeHue HaIpsKEHUs Ha CTPYKType.

st HUX cripaBeJIuBbI TPUOJIKeHHbIE (hOPMYJIb

Vie=Jlie»  Vie = Jljes @
a Fjp VL Ije — YICJIbHBIC CONPOTHBIICHHUSI T€TEPONEPeX0-
JIOB
Tie = 10/ 21(Xje) Lyete(Xje)
= 10/20(Xe) Lyor(Xsc); (8)
ry = h/e2 ~ 4,1 kKOM — Tak Ha3biBaeMoe "PyHIamMeH-

TaJbHOE CONPOTHUBICHUE" .

PenakcalimoHHasi HeyCTOWYMBOCTb MPUBOIUT K
BO3paCTaHUIO KOHLEHTpalUu1 n( ), 4TO cornacHo (8)
BeleT K YMEHBIIEHUIO COl'[pOTI/IBJ'[eHI/IH Ocuun-
JISIIIMA  KOHLIEHTPALMM DJIEKTPOHOB JIOKAJTM30BaHbI
BOJIM3M Tlepexoa MeXAy dMUTTEPOM U MPOBOASIIUM
KaHAJIOM M U3MEHSIOT CONMPOTUBICHUE Fj,. [list TOro
YTOOBI 3T 3(PEPEKTHI CYIIECTBEHHO TMOBIMUSIM Ha Xa-
pPaKTEepPUCTUKY HAHOIPOBOA, HEOOXOIUMO, YTOOBI CO-
TIPOTUBJICHUSI Fj, U Fj, OBUIM COMOCTABUMBI C 7ypye U
ITpocThie olleHKM MOKa3bIBaloOT [1], 4TO

(Lc/Lre]c)(n( )/nch)

(Le/Lre[e)(n( e)/nch) (9)

Fohme:
r ohmc/ rj
F ohme/ Tie ~

To ectb paccmaTpuBaeMble 3¢p(HEKThl TOJLKHBI B
HauOOJIbIIIEN CTeNeH! MPOSIBJISITbCSI B HAHOMPOBOJAX
C KOPOTKMM TIPOBOJISIIMM KaHaJllOM M HEBBICOKOM
KOHILIEHTpalMel 3JIEKTPOHOB B KOHTAKTax.

Ha ocHoBe BbipaxeHuit (4)—(8) HaHOMNpPOBOI B
HEeCTallMOHAPHOM CJlydyae B IMPUOIMXKEHUU, YTO abCo-
JIIOTHAs1 BeJIMYMHA aMIUIMTYbl KOJI€OaHUI MJIOTHOCTU
TOKAa MHOI'O MEHbIIIE, YeM IIOPOroBbie TOKU (IIPUOJIM-
>K€HHEe MaJioro CUrHaja), MOXeT ObITb OMMCaH SKBU-
BaJICHTHOI CXeMoOli, mpeAcTaBJIeHHOI Ha puc. 3. DTa
cXeMa YYUTHIBAET, YTO B HECTAllMOHAPHOM pEXUMeE
BaXXHYIO POJIb UTPAIOT eMKOCTH IeTepOIepexo10B KOH-
TakT — TPOBOASIINI KaHal. YaeJbHble COMPOTUBIE-
HUS SMUTTEPA ¥, U KOJIJIEKTOPA ¥, HA SKBUBAJIEHTHO
CXEMe€ OIpeAeSIeHbl KaK

e ™ Topme T 1,

oo Te ® Tohme T 1

e (10)

Puc. 3. MasiocuraajbHas 9KBUBAJIEHTHAS JJICKTPHIECKAA CXEMA HA-
HONPOBOJA

Fig. 3. Small-signal equivalent circuit diagram of a nanowire

Ddopmyibl, ToaydyeHHBIE B padorax [1, 2], mo3Bo-
JIAI0T BBIYMCIUTh UHKPEMEHT HapacTaHus & (QIyKTy-
auuii moreHuuana sV, nupu j > j;,. a TAKXKE 4acTOTY
OCLMJUISILMNA ®y U JAEKPEMEHT 3aTyxaHus y (uyKrya-
uuii noreHuuana 8V, npu j > j, .. Ilo stum napaMeT—
paM MOXHO OIpPEeIeIUTh CONPOTUBIICHUS /. U I, B pe-
KMMax pejakCalMOHHOM HEYCTOMYMBOCTU M 3aTyXa-
IOIIMX OCHWJUIALIAN

= (yC,)™ !, (11)

a TaKK€ MHAYKTUBHOCTb OMUTTEpPA

= (xC) ",

= (Coop) . (12)

[MpubauxeHHble 3HAYEHUST MAJIOCUTHAJIBHBIX €M-
kocreit amurrepHoro (C,) u komiekropHoro (C,) re-
TEPONEPEXOJ0B MOTYT ObITh HAHAECHBI MPU TIOTHOCTSIX
TOKOB, MEHBIIINX MTOPOTOBBIX, M3 COOTHOIIICHWIA, aHa-
JornyHeix (11):

= (1) . (13)

3nech vy, . JEeKpeMEHThl 3aTyxaHusl (QIyKTyauui
V, . [1], a BenmunHbI Tie> T OTIPENIENICHBI CTALIMOHAP-
HbIMU (opMynamu (8).

— -1
Ce - (’Ye’}e) 5

Pe3yabTaThl pacyeToB

B cootBetcTBUM ¢ hopmynamu (1) u (2) mioTHOCTU
MIOPOTOBBIX TOKOB j;,c Y jyo. TEM OOJIbLIE, YEM BBILLE
KOHIIEHTpalLMsl 2JEKTPOHOB B KoHTakTax. Ilo aToit
MPUYMHE 11 MUHUMU3ALUU TUIOTHOCTEW MOPOTOBBIX
TOKOB 11€JIECO00pPa3HO UCIOJb30BaTh MOJYITPOBOIHM-
KOBbBI€ KOHTaKThl, KOHLIEHTPAL1S 3JIEKTPOHOB B KOTO-
PBIX PETYJIMPYETCS YPOBHEM JIETUPOBAHUS JTOHOPHOM
MpUMECHIO.

Kak mokazaHo B pabote [1], cyliecCTBEeHHOE BJIM-
SIHUE HA 3HAYECHUS 0, Jooer &, O M Y OKA3BIBAIOT Pa3-
MepbI KOHTaKTOB L, 1 L. IlepedncieHHble TapaMeT-
PBI 3aBUCST TaKXe OT MOJABUXHOCTU U KOHLIEHTPALlMK1
5JIEKTPOHOB B MpoBonsdieM KaHaine. [locienHsst on-
penensieTcsi COOCTBEHHOM KOHLIEHTpallMeld MaTepuania
KaHaJla U KOHIIEHTPAILIMEN 2JIEKTPOHOB, NWHXEKTUPO-
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Puc. 4. KonueHTpanus 3,1eKTPOHOB B HAHONPOBOJE C KOHTAKTAMH U3
n*-KpeMHHsI ¥ mpoBoxsAmMUM KanaxoM u3 InSb npu HyieBoM mpu-
JIOXKEHHOM HANPSKEeHUH M Pa3JMYHBIX NONepevyHbIX pasMepax mpo-
BojsmIero Kanama: /| — oGbeMHbIT Matepuan; 2 — L, = Ly, 3 —
Ly =Lg/2;4— L =Lyy/3;5— L, =Ly/4

Fig. 4. Concentration of electrons in a nanowire with the contacts of

n"-silicon and conductive channel of InSb at zero applied voltage and
different lateral dimensions of the conductive channel: 1 — volume
material; 2 — L, =Ly 3 — L, = Lyy/2; 4 — L, = Ly/3; 5 —

L_L =qu/4

BaHHBIX B KaHaJl U3 SMMUTTEPHOro KOHTakTa. s
MPOBOJSALIETO KaHaJla C TONepeYHbIMU pasMepamu L,
MEHbILIMMH JJIMHBI pa3MEPHOro KBAaHTOBaHUS, COOCT-
BeHHas! KOHIICHTpAIINS 3JIEKTPOHOB YOBIBACT C YMEHB-
uieHueM L, (puc. 4).

st Toro 4ToObI TeHEPaTOp Ha OCHOBE HAHOIMPO-
BoJa MMeJ MpUeMJIeMblii KO3(DUIIMEHT TMOJIe3HOro
nmeiictBust (KIIH), HeoOxommmMo MWHUMHM3UPOBATh
TeIUIOBbIE MTOTEPU dHEPTUU. To eCcTh yAeIbHOE COIpPO-
TUBJIEHUE TPOBOAAILEIO KaHajaa F., MOJKHO OBbITh
MUHUMaJIbHBIM. [Ipy 3TOM KOHIIEHTpalMs 3JEKTPO-
HOB B KaHaJjle He JOJKHa ObIThb CAMIIKOM BbICOKOW.
Muaye GonpliMMu OyAyT IUVIOTHOCTU IOPOTOBBIX TO-
KOB. BbIMoOJIHEHUSI yKa3aHHbBIX MTPOTHMBOPEUYUBBIX YC-
JIOBUH MOXHO NOOUTBCS, €CJIM MPOBOISILIMA KaHas
M3TOTOBUTH U3 MaTepHaia ¢ MaKCUMAaIbHOM TTOIBIIK-
HOCTbIO — aHTMMOHUAA UHAUS.

TecToBble pacueTbl MO3BOJSIOT MOAO0PATh MPUEM-
JieMble BapuaHThI CTpyKTyp. OHA U3 HUX C TTPOBOSI-
UM KaHaJIOM M3 aHTUMOHMIA WHIMSA M KOHTaKTaMu
U3 KPEMHUSI 1-TUIA UMEET CJeyIolIe napamMmeTphl:

L,=100 um, L.= 500 um, L. = 100 uMm,

L, =40nm, N,=10"cm 3, N.=5-10"cm3,

rae N, u N, — KOHILIEHTpalysl NOHU30BaHHOMI TOHOP-
HOI MpUMECHU B IMUTTEPE U KOJIJIEKTOPE.
KoHiieHTpanus 371eKTpOHOB B MPOBOMASIIEM KaHa-
Je n.;, ABNAETCA (QYHKUMEH KOOPAMHAT U 3aBUCUT OT
MPUJIOXKEHHOTO HamnpsikeHus. B nuanaszone Hampsike-
HU OT HyJig 10 1 B unciieHHbIe pacueThl 1aloT 1Sl Hee
3Ha4YeHMe MmopsiaKa 1013...10! cm 3. Pacuerst MIPOBO-
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IUJINCh B IIPEAIIOJIOXEHUM, YTO TeMIlepaTrypa CTPYK-
Typbl TIocTosiHHA U paBHa 300 K.

IIpu ykazaHHBIX IAapaMeTpax HAHOIPOBOAA IS
ITOPOTOBEIX TUIOTHOCTEM TOKOB ITOJYJalOTCS OJIM3KHE
IPYT K IpYTy 3HaYCHUSI:

= 8,73+ 103 A/em?, = 8,77 103 A/em>.

jins josc

Ha puc. 5—7 noka3zaHbl 3aBUCUMOCTH &, Wy U Y OT
IUIOTHOCTU TOKa. BUIHO, YTO MTPpU MIOTHOCTSIX TOKOB,
MEHBLINX ITOPOTOBBIX 3HAYEHUH, & U ®( PABHLI HYJIIO.
Ipu j > j;,s W j > josc 3T BETUIUHBI MOHOTOHHO BO3-
pacTalT C poCTOM IJIOTHOCTUA TokKa. Ilpu 3tom xa-
pakTepHble 3HAUYE€HUS & COCTaBJISIIOT eduHULbl TI1I,
a oy — gecarku TT'u. JlekpeMeHT 3aTyXaHus (puyk-
TyallMiA KOHLIEHTpPaLMU B BMUTTEPE Yy MOHOTOHHO
yowiBaeT 1ipu j < j,.. Ilpn j > j, . BeIn4nHa y 1pak-
TUYECKM HE M3MEHSIETCS W COCTaBJsIeT MPUMEPHO
94,5 TTu.

Ha puc. 8 nokazaHo moBelneHNE COMPOTUBICHMUS
KOJUIGKTOPHOTO TeTepoIiepexona r;. B 3aBUCUMOCTH
oT TIoTHocTu Toka. Ilpu j <, 3T0 conpoTuBieHne
MOJIOXKUTEbHO Y BO3pPACcTaeT C pOCTOM TOKa, YTO CBsI-
3aHO C 00eTHEHUEM reTeponepexo1a HOCUTENIMU 3a-
psiia 3a CUET YCKOPSIIOLIErocsl C pOCTOM TOKa BbIHOCA
UX B KOHTaKTHyI0 obnacts (puc. 9). Ilpu j > j;, . Be-

JMYUHA 7j, HaYMHAeT OBICTPO YOBIBAaTh C POCTOM

J, Alem?
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Puc. 5. lnkpemeHnT Hapactanus QUIyKTyanuii 2 B KOJJIEKTOpe Kak
(yHKIMSA MJIOTHOCTH TOKA j

Fig. 5. Growth rate of fluctuations e in the collector as a function of
current density j
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Puc. 6. YacTroTa ocuM/UISIAil KOHIEHTPAIMHA 3JIEKTPOHOB B IMATTEPE
®) KaK (yHKIMS IIOTHOCTH TOKA j

Fig. 6. Frequency of the oscillations of the electron density in the emitter
oy as a function of current density j
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Puc. 7. JlekpemMeHT 3aTyxanus (IyKTyauuil B SMUTTEpeE y KaK (PyHK-
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Fig. 7. Damping decrement of fluctuations in the emitter y as a function
of current density j
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Puc. 8. InddepennuanbsHoe conpoTuBiIeHne Nepexona MexXIy npo-
BOJALHM KaHAIOM H KOJUIEKTOPOM ;. KaK ()YHKUMA IIOTHOCTH TOKa j

Fig. 8 Differential resistance of the junction between the conductive
channel and collector r;, as a function of current density j

IUIOTHOCTU TOKAa U CTAHOBUTCS oTpuliaTeabHON. OHa
OBICTPO JOCTUTAET HEKOTOPOr0 MUHMMAJILHOIO 3Ha-
YeHUsI MU HaUMHAeT BO3pacTaTh C POCTOM j, OCTaBasiCh
OTPULIATEILHOM BO BCEM pacyeTHOM JMaIla30He ILIOT-
HOCTEN TOKA.

st BBIOpaHHOM CTPYKTYpPhl pacyeThl MOKa3bIBa-
10T, 4TO 3P HEKTUBHAA UHAYKTUBHOCTD L2, IPU j > j, o0
OKAa3bIBACTCS MOpPsAKA 10710 ulu - em2. Emkoctu C.n
C.~ 1 nH®/cm?, a conpoTuBIeHns r,), ~ 1070 Om - em?,
Tie ~ Yohme ~ Yohme ~ 10_5 Om - CM2‘

PesynbraThl pacueToB 3aBUCUMOCTU OT YacCTOTHI ®
JEUCTBUTEJIBHOM W MHHUMOM 4YacTe€id KOMIIJIEKCHOTO
uMIlegaHca Z CXeMbI 3aMellleHUsI HaHOIIpOBOJa IO-
Ka3aHbl Ha puc. 10. BeiOpaHO 3HaueHMe TMJIOTHOCTU
ToKa j = 1,6+ 104 A/CM2, MOYTH B JBa pasa IpeBbI-
LIafollee NMoporopbie 3HaYeHusA. Yacrora o, paBHs-
ercst mpu 3ToM 72,17 TT'u. BugHo, yto B 061acTu yac-
TOT, MEHBILINX ®(), PEATU3YIOTCA YCIOBUSA, HEOOXOIU-
Mble st reHepan CBY mourHocTH.

ODTO MNOATBEPXIAIOT pacyeThl MaKCUMaJIbHOM
MOIIIHOCTH, OTAaBaeMOWl HAHOIMPOBOAOM BO BHeElll-
H010 Lienb. MX pe3ynbraThl mokasaHbl Ha puc. 11.

Puc. 9. Pacnpeseenne KOHIEHTPAIMH 3JIEKTPOHOB B HAHOMPOBOJE
npu V= 0,38 B (n, — xonuenrpauus npu V=0 B)

Fig. 9. Distribution of the electron density in a nanowire at V = 0,38 V

(ny — concentration at V= 01V)
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Puc. 10. JleiicTBuTE/IbHAS H MHAMAS 9aCTH KOMILJIEKCHOTO MMIIEIaH-
ca HAHONPOBOJA KAK (PYHKIHS 4ACTOTHI

Fig. 10. Real and imaginary parts of the complex impedance of a
nanowire as a function of frequency

Puc. 11. Makcumansnas CBY MomHocTh, reHepupyeMasi HAaHONPO-
BOJIOM

Fig. 11. Maximum microwave power generated by a nanowire
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IIpu yacrotax, menbiuux 1,4 TT'11, paccMaTpuBaeMblil
HaHOMPOBOJ MOXET OTIaBaTh BO BHELIHIOKO 1IEMb MO-
psaaka 10 uBt. I1pu aToMm ero KIIJI oka3bsiBaeTCcsl OKO-
o 13 %. Ilpu dacrorax, mpeBblmammmx 7,2 TIio
(~0,1p), renepanusa CBY MoliHOCTH MpeKpaliaeTcs
Y KBAHTOBBIM MPOBO/ TOIJIOIIAET BHEILHIOW 3HEPTUIO.

3akioueHue

B cratbe nmokazaHo, YTO HaHOIPOBOJ MOXKET OBITh
aKTUBHBIM 3JIeMeHTOM reHepaTropa CBY konebaHuii B
MUWJUIMMETPOBOM M CYOMWJLIMMETPOBOM Jrarna3oHax
JIJIUH BOJIH. Takoe mpuMeHeHHe 3TOro Ipuodopa BO3-
MOXHO, €CJIM B €r0 KOHTAaKTHBIX 00J1aCTSIX BO3HUKAET
pellakcaloOHHasT HEYCTOMYMBOCTb M OCUULISLIUKA
KOHLEHTpaLMU HOCUTENIeN 3apsiia. OTU SIBICHUS MO -
poOHO paccMOTpeHHI B pabote [1].

CorysacHO TIpOBEAEHHBIM pacueTaM MOIIHOCTb
BJIEKTPOMATHUTHOTO U3JTyUYeHMSsI, TCHEPUPYEMOTO O/I-
HUM HaHOIIPOBOAOM, MoxXeT mocturaTth 10 HBT. B pa-
Oote [5] omMcaHa TEXHOJOIUSI CO3NAaHUS U UCCIEIO-
BaHBI CBOMCTBA MaTPUI] HAHOIIPpOoBOAOB 13 InSb, B Ko-
TOPBIX UX IUIOTHOCTb COCTaBJISIET OKOJIO 1010 Ha cm?.
Ecnu npuBeneHHbBIe 3[eCh OLUEHKN MOIIHOCTU MU3ITy-
YyeHUsT OyAyT MOATBEPXKIECHBI 3KCIEPUMEHTAJIBHO, TO
MpYMeHEeHWe MaTpUll HAaHOIIPOBOJOB B KayeCTBE aK-

TUBHBIX 3JieMeHTOB CBY reHepaTopoB MO3BOJIUT I10-
JiyuuThb 1o 100 BT/CMZ.

B HacTos111e€ BpeMsI UMEIOTCS BCE TEXHOJIOTHYEC-
Kri€ BO3MOXHOCTU ISl TIPOBEACHUSI TaKUX DKCIEPU-
MEHTAJIBHBIX MCCIIeIOBaHNMI, HAaTIpaBJIEHHBIX Ha TIpaK-
TUYECKOE OCBOEHME TeparepleBoro Auana3oHa yacToT
(300...3000 I'T'm).
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Nanowire as an Active Element of the Microwave Radiation Generators

The authors theoretically investigated feasibility of use of a nanowire as an active element of the solid-state generators of elec-
tromagnetic radiation of the terahertz range of frequencies (300...3000 GHz). They demonstrated, that application of the quantum
wire matrixes from antimonide of indium with semi-conductor contacts, in principle, will allow us fo receive the density of the ra-

diation power up to 100 W/cmz.

Keywords: nanowire, terahertz radiation, microwave radiation, generator, relaxation instability

Introduction

In [1] it is shown that under certain conditions in the
contact areas of nanowire, relaxation instability and
damped oscillations of the electron density may occur.
These effects have a threshold and are only possible if
the electron mobility in the contacts and conducting
channel of nanowire are different. Let us assume that
the mobility of electrons in a conducting channel of na-
nowire p, is over of their mobility in the emitter con-
tact p, and collector contact p.. Then, at a positive bias
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between the collector and emitter, the relaxation insta-
bility may occur in the collector contact, and at elec-
tron density oscillations — in the emitter contact.

Relaxation instability develops if the current density
in a nanowire exceeds the threshold value

2
1+ [nl’relc(x[c)}
20 2Lc

Jins = ne(Xpe) (D
ins e Lrelc(xjc) - He

Hen




where n — concentration of electrons; x;. — coordinate

b Jc
of the relative transfer between the conductive channel

of a nanowire and the collector contact; ® = kpT,
kp — Boltzmann's constant, 7'— absolute temperature;

1/2
ho,.,0, / .
Loy=|—————— — the relaxation length of the
en(c,,+0c,.)
nonequilibrium electrons in the collector; # — Planck's
constant divided by 2n; e — electron charge; ., and

o, — electron conductions in the conducting channel
and collector contact of the nanowire; L. — collector’s

length.
In accordance with formula (1), the following value
can be interpreted as a strength of the threshold field:

2 -1
E. 20 1+ L e M
ins eLrel 2Lc Hen .

The reason for the relaxation instability is high speed
of the nonequilibrium electrons at j > j;, fall from a
conductive channel of a nanowire in the collector con-
tact. They do not have time to relax to a state of ther-
modynamic equilibrium during the relaxation span L,
and accumulate in the contact area. According to cal-
culations [2], their concentration increases exponen-
tially with the growth rate of the order of ®/2/4 (about
40 THz at room temperature). Upon reaching the con-
centration limit values [2] its increase is replaced by an
exponentially fast decay with a decrement of the same
order, or there a thermal breakdown occurs. For na-
nowires with short channel [1] and low concentration
of the electrons in the collector contact, the relaxation
instability should lead to noticeable changes in the
structure of the conductivity.

If the current density in a nanowire exceeds other

threshold
2o
n(x;,)

. " je/ «
Jose = He 8 je) rele( ) Ren
2 -1
L
x[ ¢ j[l e 2
rele( ) Ken

the damped high-frequency oscillations of the electron
density occur in the emitter contact [1]. The cause of
the oscillation is the lack of concentration of electrons
needed to ensure the steady operation of the desired
level of injection from the emitter into the conductive
channel of a nanowire.

In the formula (2) Xjg — the coordinate of condi-

tional transfer between the emitter contact and the

1/2
"“f_hcj non
)

conductive channel; L,,, = (
en(c,.,+o,

equilibrium relaxation length of the electrons in the
emitter; o, — electrons’ conductions in the emitter

contact of a nanowire; n,, — concentration of

electrons in the conducting channel; L, — the length

of the emitter. In accordance with formula (2),
2

= nx;,)( L 2 -

Epse = = L5 [ ¢ j [ - &) can be in-
eLrele Ren Lrele Hen

terpreted as a threshold field strength.

As can be seen from the formulas (1) and (2) gen-
erally threshold currents densities j;,, and j,. are dif-
ferent values. Their relation is given by

jiiv - 7_CZLrechrele (nchn(xjc)j %
)

josc Li n(xje 2
)1k
% (1 +[TCLrelcj j “ch' (3)
2L, e
B Hen

It follows that, by varying the parameters of the na-
nowires, we can ensure that both events will develop in
one and the same threshold current density. The built-
in inductance will appear in the emitter, and region
with negative differential resistance can be formed in
the collector. That is, you may receive the conditions
necessary for generation of microwave-power.

Small-signal equivalent circuit of a nanowire

Fig. 1 schematically depicts a nanowire, and fig. 2
shows the characteristic of the potential reliefs for elec-
trons in such structure at different transverse dimen-
sions of the conducting channel. It is evident that con-
tacts with the conductive channel boundaries are the
heterojunctions. The properties of these transitions can
have a significant impact on the electrical characteris-
tics of a nanowire.

If current with a density j flows through a nanowire,
for the voltage drop Vit is true [1]

V= Vohm + Vje + Vjc' (4)

V,nm is ohmic input into ¥, which can be written as

Vohm = jrohm’ (5)

where r,,,, — specific ohmic resistance of a structure,
which represents the sum of the specific ohmic resist-
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ances of the emitter r,
collector 7,

ame> conducting channel r,, and

hmc

1%

ohm = Tohme + Fen + Tohme: (6)

Vie and V. describe inputs of the heterojunction be-
tween the emitter and conducting channel and a con-
ductive collector, respectively, into the total voltage
drop across the structure. For them, the formulas ap-

proximation
Vie=Jtier Vie = Jfies ()

and r;, and r;, — the specific resistances of the hetero-
junction

"o
Fie = )
Je 2n(xje) Lrele(xje)

"o
P = g (8)
/e 2n(xjc)Lrelc(xjc)

1y = h/e2 ~ 4,1 kQ — "fundamental resistance".

Relaxation instability leads to an increase in the
concentration n(xjc), that according to (8) leads to a re-
duction of resistance r;.. The oscillations of the electron
density localized near the junction between the emitter
and the conductive channel and change resistance 7.
To let these effects significantly influence on the char-
acteristics of a nanowire it is necessary that the resist-
and r,

ances 7, and r;, were comparable to ., hme
The estimates show that [1]
T ohme N Lc n(xjc)
rjc Lrelc Ren
Fohme - Le n(xje) 9)
rje Lrele 0y

That is, these effects should be the most manifest in
nanowires with short conductive channel and a low
electron density in the contacts.

Based on the expressions (4)—(8) with a nanowire
in the approximation of the transient case, the abso-
lute value of the current density amplitude of oscilla-
tion is much smaller than the current threshold (small
signal approximation) can be described by the equiv-
alent circuit (fig. 3). This scheme takes into account
that the heterojunction capacitance contact — con-
ducting channel in the transient regime play an impor-
tant role. Specific emitter resistance r, and collector r,
in the equivalent circuit are identified as
+r. (10)

Fe =1, +r Te ® Fohme ™ Tie

hme je>
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The formulas obtained in [1, 2], allow us to calculate
the growth rate = of potential fluctuations 8V, at;j > j;,.,
as well as the frequency of the oscillations o, and
damping rate y by potential fluctuations 8V, at j > j .
These parameters can determine the resistances r;. and
Tie in modes of relaxation instability and damped oscil-
lations

re=(@C), r,=@C) 7, (11)

as well as the emitter inductance
— 2\-1
L,=(Coy) . (12)

Approximate values of small-signal capacitances of
emitter (C,) and collector (C,) heterojunctions can be
found at current densities lower than the threshold,
from the relations, analogous to (11)

Co= (i) s Co=(rer) ", (13)

there v, . — the damping fluctuations rates 5V, . [1],

and the values r;,, r;, are defined by fixed formulas (8).

Calculation results

In accordance with formulas (1) and (2), the
threshold current densities j;,, and j,,. the greater the
higher the concentration of electrons in the contacts.
To minimize the threshold current densities it is ap-
propriate to use semiconductor contacts, the electron
density in which is regulated by the level of doping do-
nor impurity.

As shown in [1], a significant impact on j;,, j e @,
o, and y have the contacts and the size of L, and L.
These parameters also depend on the mobility and con-
centration of electrons in the conducting channel. The
latter is determined by their own channel material and
concentration of electrons injected into the channel
from the emitter contact. For conducting channel with
transverse dimensions L |, smaller than the length of the
size quantization, the electron density decreases with
decreasing L (fig. 4).

To let generator based on nanowires have an accept-
able coefficient of performance (COP), the thermal
losses must be minimized. That is, the resistivity of the
conductive channel r, should be minimal. The elec-
tron density in the channel should not be too high. Oth-
erwise, the densities of threshold currents will be great-
er. Successful completion of the contradictory condi-
tions can be achieved, if the conducting channel will be
made of indium antimonide with maximum mobility.




Test calculations allow to suggest the alternative
structures. One with conductive channel of indium an-
timonide and contacts of n-type silicon has parameters:

L,=100 nm, L.=500nm, L., =100 nm,
L, =40nm, N,=10"%cm™3, N.=5-10"cm™3,

where N, and N, — ionized donor impurity concentra-
tion in the emitter and collector.

The electron density in the conductive channel n,,
is a function of the coordinates and depends on the ap-
plied voltage. In the voltage range from zero to one V'
the numerical calculations give a value in the order of
1013...10* cm™3. The calculations were made in the as-
sumption that the structure of the temperature is con-
stant and equal to 300 K.

At these parameters of a nanowire for the threshold
current densities there the values are obtained close to
each other:

=8,73-10° A/cm?, = 8,77-10° A/cm?.

jins josc

Figs. 5—7 show the dependences &, oy and y from
the current density. We see that at current densities be-
low the threshold, @ and o are equal to zero. Atj > ;.
andj > . these values increase monotonically with in-
creasing of current density. In this case, the character-
istic values of @ make THz units and o) — tens of THz.
The decrement of concentration fluctuations damping
in the emitter y decreases monotonically at j < j ..
At j >, v almost constant and is approximately
94,5 THz.

Fig. 8 shows the behavior of the resistance of the
collector heterojunction Fie depending on current den-
sity. At j < jj,¢ this resistance is positive and increases
with increasing current, due to the depletion of the
charge carriers heterojunction by accelerating the re-
moval of them in the contact area (fig. 9). At j> j;,, the
value Fie begins to decrease rapidly with increasing cur-
rent density and becomes negative. It quickly reaches a
minimum and begins to increase with increase of j, re-
mained negative throughout the estimated range of cur-
rent densities.

For the chosen structure, the effective inductance
L, at j > j,. is in the order of 10—1% nH - cm?, the
capacities C, and C, ~ 1 nF/cm? and resistance
Fop ~ 107 Q- cm?, Tie ™~ Fohme ~ Tohme ~ 107° Q- cm?.

The results of calculations of dependence on the
frequency o of the real and imaginary parts of the
complex impedance Z of a nanowire equivalent circuit
is shown in fig. 10. The selected current density

j=1,6- 10% A/cm2 almost twice exceeds the thresh-
olds. The frequency w( equals to 72,17 THz. It is evi-
dent that at lower frequencies of w the conditions for
generation of microwave power become realized.

This is confirmed by calculations of the maximum
power given by a nanowire to an external circuit (fig. 11).
At frequencies below 1,4 THz, the considered nanowire
may give to the external circuit about 10 nW. Moreo-
ver, its efficiency is about 13 %. At frequencies greater
than 7,2 THz (~0,1 o), microwave power generation
stops and a quantum wire absorbs external energy.

Conclusion

The article shows that a nanowire can be an active
part of the generator of the microwave oscillations in
the millimeter and submillimeter wavelengths. Such use
of the device is possible if its contact areas there a re-
laxation oscillation instability and concentration of
charge carriers occur. These effects are discussed in de-
tail in [1].

It is estimated that the power of the electromag-
netic radiation generated by one nanowire, can be up
to 10 nW. [5] describes a technology for creating and
investigates the properties of nanowires arrays of InSb,
where their density is about 1010 per cm?. If the given
estimates of the radiation power will be confirmed ex-
perimentally, the use of arrays of nanowires as the ac-
tive elements of the microwave generators will provide
to obtain up to 100 W/cmz.

There are all the technological possibilities for ex-
perimental studies on the development of the terahertz
frequency range (300...3000 GHz).
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