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OnucaHbl MeToAbl U3roTOBJIEHMUS MAaTpuUL, HAHOMPOBOAOB U3 aHTUMOHMUAA UHOUSA B perynsipHbiX
nopax aHOAHOro oKcuaa aJllOMUHUS C Pas/IMYHbIMU MeTa/VINYeCKUMU KOHTakKTamu. lokasaHo,
4YTO Ha OCHOBEe 3TUX MaTpuy MOryTt 6bITb CO34aHbI reHepaTtopbl 3/1eKTPOMAarHUTHOro usny4vyeHus

TeparepuyoBoro gmana3soHa 4acTorT.

The methods of manufacturing the matrices of the indium antimonide nanowires into regular
pores of anodic alumina with various metal contacts on the different substrates have been
described. It is shown that on the basis of the matrices of nanowires of indium antimonide
may be created generators of electromagnetic radiation of the terahertz frequency range.

HUKa/IbHBIe CBOMCTBA aHTUMOHHUA HHAUS (InSb)
JleJIal0T 3TOT MaTepyall OOHKUM H3 ONTHMaJlb-
HBIX JJISI 37IeKTPOHHUKHU CBEPXBBICOKHUX YaCTOT,
OpPHEeHTHPOBAHHOM Ha HU3KOe 3HepromnorpebineHue (1,
2]. Brarogaps Maon 3¢pPeKTHBHOL Macce 3/IeKTPOHOB

SMUTTEPHbIN _ MpoBoasiLwmin
KOHTaKT KOo/11eKTOPHbIN KOHTaKT KaHan
Emitter Collector contact Conductive
contact channel
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Puc.1. HaHonpogod — cmpykmypa, cocmosiu,as u3 npogoosiu,e-
20 KaHaa u 08yx KOHMakmos [3]

Fig.1. Nanowire - structure consisting of conductive channel and
two contacts [3]

NPOBOOMMOCTH, IPU KOMHATHOH TeMIlepaType
Ha 9JIeKTPHUYeCKHe XapaKTePUCTUKH CTPYKTYyp U3 InSb
¢ pasmepamu 60 HM M MeHbIIle CyLI[eCTBeHHO BIKUeT
pa3mepHoe KBaHTOBaHHe [1, 3].

CoBpeMeHHBIe TeXHOJIOTUHU I103BOISIIOT GOPMHUPO-
BaThb B Pery/ISIPHBIX IIOpPaX MaTPHL, aHOLHOIO OKCHIa
anmroMuHusa (AOA) HaHOIIPOBOZA U3 InSb c JHaMeTPOM
oT 30 HM [4-8]. TakuM 06pa3oM, MeeTCsI BO3MOKHOCTb
KCII0/Ib30BAaTh Ha IIPAaKTUKe pa3sMepHOe KBAaHTOBaHHe
SHEPrUH IeKTPOHOB B 3THX 00bEKTaX.

Ha puc.l cxeMaTU4HO n306paskeH HAHOIIPOBOL,
a Ha pHUC.2 [I0Ka3aHbl XapaKTepHble [I0TeHLIHaJIbHbIe
penbedsl AJ151 37IeKTPOHOB B TAKOH CTPYKTYpe IIPU pas-
JIMYHBIX IIOIIePeYHBIX Pa3Mepax [IPOBOJIIero KaHala.
['paHHUILIBI KOHTAKTOB C IIPOBOASINKMM KaHAJIOM IIpef:-
CTaBJISIOT COHOM reTeporiepexosl. [[POBOASIIMEL KAHA
IIPH II0IIepeuHOM CeueHUH L,<Ly, OKa3bIBAETCsI IOTEH-
LIUQJIBHBIM 6apbepoM fJIs1 3IeKTPOHOB, BBICOTA KOTO-
poro perynupyercs BeITUYHUHOM L,. YeM MeHBblIle II0IIe-
pedHoe ceuyeHUe, TeM BbIIIe 6apbep K, COOTBETCTBEHHO,
MeHbIlle KOHLIeHTPALIH s 37IeKTPOHOB B KaHate [3].

YKa3aHHBIMH 3aBUCUMOCTSIMH MOKHO BOCIIOJIb-
30BaThCs [JIS1 IPOEKTHPOBAHHUSA QYHKLUHMOHAIBHBIX
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Puc.2. lMomeHyuanbHble peabedbl 0As1 3€KMPOHO8 8 HAHONPO-
800e Npu HYyAe8O0M NPUAOXKEHHOM HANPSKEHUU, KOMHAMHOoU
memnepamype u pasAu4HbIX NONepe4HbiX pamepax nposoos-
wezo kaHana Ly:1 -1 =Ly /2; 2~ L =L4/3;3 - L, =Ly /4.
Ly, — OnUHA pa3mMepH020 KBAHMOBAHUS

Fig.2. Potential reliefs for electrons in nanowire at zero applied
voltage, room temperature and different cross sectional dimen-
sions of conducting channel L ;01 -L, =L,/2;2-L, =L,/3;3 -
L, = Lyg/4. Lyy is length of size quantization

3/IeKTPOHHBIX YCTPOMCTB Ha OCHOBE HAHOIIPOBOJOB.
[Ipu 9TOM CJIefiyeT YUUTBIBATh, YTO IPOTeKaHHe TOKA
yepes reTeporiepexofibl IPUBOJHT K II0SIBJIEHUIO HEPaB-
HOBECHBIX 3JIEKTPOHOB [3], CBOKCTBAa KOTOPBIX I107I0-
>KeHBI B OCHOBY QpYHKIIMOHHPOBAHHUS PAaCCMOTPEHHBIX
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Puc.3. Cxemamuueckoe u3obpaxkeHue nocnedosamenbHocmu
MexHoA02U4ecKUX Npoueccos Gopmuposanus InSb HaHonpogo-
dos 8 mampuuax AOA Ha n-Si nodnoxkax (a) u 8 nopax HaHo-
nopucmsix nodaoxex u3 AOA (b)

Fig.3. Schematic representation of sequence of processing for for-
mation of InSb nanowires in AAO matrixes on n-Si substrates (a)

HUKe ITPU6OPOB.

he unique properties of indium
antimonide (InSb) make this
material one of the most opti-
mal for the microwave electronics,
focused on low power consump-
tion [1, 2]. Owing to the small effec-
tive mass of conduction electrons,
dimensional quantization affects
the electrical characteristics of
InSb structures with size of 60 nm
and less at room temperature [1, 3].
Modern technologies allow the
formation of InSb nanowires with
a diameter of 30 nm or more in reg-
ular pores of anodic aluminum
oxide (AAO) matrices [4-8]. Thus,
it is possible to use in practice the
dimensional quantization of the
electron energy in these objects.
Fig.1 shows a schematic repre-
sentation of a nanowire, and Fig.2

and in pores of nanoporous AAO substrates (b)

shows the characteristic poten-
tial reliefs of electrons in such a
structure for different transverse
size of the conducting channel.
The boundaries of the contacts
with the conducting channel are
heterojunctions. The conducting
channel with a cross section L <Lyq
is a potential barrier for electrons
whose height is regulated by the
quantity of L,. The smaller the
cross-section, the higher the bar-
rier and, correspondingly, the
smaller the electron concentration
in the channel [3].

These dependencies can be used
to design functional electronic
devices based on nanowires. It
should be borne in mind that the
flow of current through hetero-
junctions leads to the appearance

of nonequilibrium electrons (3],
whose properties are the basis for
the functioning of the devices con-
sidered below.

FORMATION OF NANOWIRES
IN MATRIX OF ANODIC
ALUMINUM OXIDE
InSb nanowires in AAO matrices
can be formed on glass, dielec-
tric or semiconductor substrates,
as well as on free membranes and
substrates made of porous alumin-
ium oxide [4-8]. The pore diame-
ters in the AAO matrices and the
thickness of the oxide itself are set
in advance, based on the technical
requirements for the device being
created.

The method of preparation of
AAO matrices intended for the

#6/77 /2017 NANO INDUSTRY
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P—————— 0,75 MKM | pm

p——————— 2MKM|pum

Puc.4. SnekmpoHHO-MuKpockonuyeckue cHumku mampuu, AOA
Ha KpemHUesol N0dA0KKe 051 GOPMUPOBAHUS MAMpULbl HA-
Honpoeodos (a) u maccueda HaHoNposodos InSb Ha nodaoxke
nocne cenekmueHozo ydaneHus mampuubl AOA (b)

Fig.4. Electron microscopic images of AAO matrices on silicon sub-
strate for formation of matrix of nanowires (a) and of array of InSb
nanowires on substrate after selective removal of AAO matrix (b)

OOPMUPOBAHUE HAHOIMPOBO/J 0B B MATPULIE
AHOJHOI'0 OKCMAA ANIOMUHNA
HaHomnpoBoza u3 InSb B maTpuuiax AOA MoryT 6bITh
CGOpMHPOBaHEL Ha CTEKISHHBIX, SU3IEKTPUYECKHUX
WJIH TI0/TYIIPOBOSHMKOBBIX IIOJJIOKKAX, a TAK>Ke Ha CBO~
bomHbIX MeMOpaHaX U IOAJIOKKAaX M3 IIOPUCTOTO OKCH/IA
amoMuHYs [4-8]. [maMeTpsl r1op B MaTpuriax AOA 1 ToJT-
IIMHA CAMOI0 OKCH/A 33IaI0TCS 3apaHee, UCXO/Is U3 TeX-
HHU4YeCKUX TpebOBaHUI K CO3/1aBa€MOMY YCTPOKCTBY.
MeToprKa IIpUTroTOBIeHU MaTpull AOA, IipenHas-
HaYyeHHBIX /15 QOPMHPOBAHM S B HUX HaHOIIPOBOJOB,

pasMep mop, a TaKkKe TeXHOJIOTHS CUHTe3a IIPOBOL -
IIMX KaHA/I0OB HAHOIIPOBOJOB ¥ MaTepHa/l KOHTaKTOB
OIpefie/IsIIoT CBOMCTBA U XapaKTePUCTUKH MaTPHUYHBIX
CTPYKTYp. Ha puc.3 cxeMaTHU4YHO [TI0Ka3aHbI [10C/IeJ0Ba-
TeJIbHOCTH TeXHOJIOTMYeCKHX IIPOLeCcCOB pOPMHUPOBaA-
HHUS HAHOITPOBoJOB InSb B mopax ToHKKX MaTpuL; AOA
Ha KpeMHUeBBIX IIOAJIOKKax (pHC.3a) U B HAHOIIOPH-
CTBIX IIOAJIOKKaX 13 AOA (pHc.3b). B niocinegHeM ciiy4dae
OTHOLIEHME AJIMHBI ITPOBOASINHX KAaHA/IOB HAHOIIPOBO-
JIOB K BIX JUAMETPY MOKeT JOCTUIATh THICSIYH U bortee.

JJIEKTPOXMMHYECKOE OCakKJeHHe aHTHMOHHIA
WHAMA B IOpbl MaTpull AOA HemocpenCTBeHHO
Ha [I0BePXHOCTh KPeMHHMS UJIH Ha [IOBEPXHOCTh MeTaJjI-
JIOB OCYILLECTB/ISAETCS B XJIOPHUIHOM 3IeKTPOJIMTE CJIe-
OYIOIEro cocTaBa: BOAHBIN pacTBop 0,1M SbCl;, 0,15M
InCl;, 0,36M numonHas Kuciaora u 0,17M muUTpat
Kaud, foBeJeHHbIN 10 pH = 2,0 20%-HbIM PacTBOPOM
HCI [9]. Ocaxkpenue InSb mpoBoaUTCS B KOMOKMHUPO-
BAaHHOM pPe>KHMe ITpY IlepeMeHHOM ToKe (50 I'11) ¢ I1710T-
HOCTBIO 8 MA/CM? B TeueHHe TPeX MUHYT U IIOCTOSIH-
HOM TOKe C IIJIOTHOCTEIO 4 MA/cM? B TedeHHe 20-50 MHH
IIPH IIOCTOSTHHOM ITepeMeIlNBaHUM PAaCcTBOPA MarHUT-
HOM MeIllajiko. KaTogHbBIH ITOTeHIIMAJI OTHOCHUTEIBHO
snekTposa cpaBHeHUs (Ag/AgCl) mpu ocaxkmeHUU
Ha n-Si moIJIOKKM cocTaBiseT 1,2-1,7 B, a IIpH OCasKIe-
HUU Ha MeTa - 0,7-0,9 B. TeMmIiepaTypy 3/1eKTPOIKUTA
[IOAAePsKUBAIOT B framna3oHe 25 +1°C.

Takass TeXHOJIOTHSA IMO3BOIgeT GOpPMHUPOBATH
perynspHble MAacCHBBI HAaHOIIPOBOLOB C gHaMe-
TpaMmu oT 30 1o 70 HM M PACCTOSHHSIMHU MEXIY
nopamu 40-100 HM. BeicoTa MaTpHIL] MOKET BapbU-
poBathbcst oT 200 10 50 MKM. "IIJIOTHOCTD YIIaKOBKH"

formation of nanowires in them,
the pore size, as well as the tech-
nology of synthesis of the con-
ducting channels of nanow-
ires and the material of contacts
determine the properties and
characteristics of matrix struc-
tures. Fig.3 schematically shows
the sequence of processes for the
formation of InSb nanowires in
the pores of thin AAO matrices
on silicon substrates (Fig.3a) and
in nanoporous AAO substrates
(Fig.3b). In the latter case, the
ratio of the length of the conduct-
ing channels of nanowires to their
diameter can reach thousands or
more.
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The electrochemical deposition
of indium antimonide into the
pores of the AAO matrices directly
to the silicon surface or to the
metal surface is carried out in a
chloride electrolyte of the follow-
ing composition: an aqueous solu-
tion of SbCl; (0.1M), InCl, (0.15M),
citric acid (0.36M) and potassium
citrate (0.17M) adjusted to pH =
2.0 with a 20% solution of HCI [9].
InSb deposition is carried out in
a combined mode with alternat-
ing current (50 Hz) with a den-
sity of 8 mA/cm? within 3 min-
utes and with constant current
with a density of 4 mA/cm? within
20-50 minutes with constant

stirring of the solution by a mag-
netic stirrer. The cathode poten-
tial with respect to the reference
electrode (Ag/AgCl) when depos-
ited on the n-Si substrate is 1.2-
1.7V, and when deposited on the
metal - 0.7-0.9 V. The electrolyte
temperature is maintained in the
range of 25+1°C.

This technology allows the for-
mation of regular arrays of nanow-
ires with diameters from 30 nm
to 70 nm and distances between
pores of 40-100 nm. The height of
the matrices can vary from 200
nm to 50 pm. The "packing den-
sity" of nanowires is 101°-10!!
wires/cm?, and the characteristic
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HAHOIIPOBOLOB cocTaBisgeT 1010 10! mpoBomoB/cM?,
a XapaKTepHas IUIOIA/lb CeYeHU S IPOBOASIIIHX KaHa-
j10B — 101 cm2.

D/IeKTPOHHO-MHUKPOCKOIIMYeCKHe CHUMKH MaTpPHIL
AOA Ha KpeMHHEeBOH II0JIJIOKKe JJI51 0CAKIeHH ST HAHO-
IIPOBOZOB, a TaK)Ke MAaCCHB HAHOIIPOBOAOB Ha IIOA-
JIO>KKe I10CJIe CeJIeKTUBHOIO PACTBOPEHUSI MAaTPHUIIbL
AOA npepcraBiaeHsl Ha puc.4. Ha puc.5 mokasaHbl
3JIeKTPOHHBIE MUKPOPOTOrpaduH MOAI0KKHA K3 AOA
C HaHoIpoBogaMHu InSb u camMu HaHOIIPOBOJA IIOCIIE
CeJIeKTHUBHOI'O paCTBOPEHU S ITOAJIOKKH.

MeTonoM 371eKTPOHHO-30HL0BOTO PeHTIeHOCIIeK-
TPAIBHOTO0 MUKPOAHA/IK3a ObIIN ITPOBeJeHbI UCCIef0-
BaHUs cocTaBa InSb-HaHOIpoBO#OB. Yianock onpese-
JINTB, YTO B BECOBOM BBIPa’KeHHUH MHAWM COCTAaBIISIET
36,89%, a cyppMa - 63,11%. ATOMapHOe >Ke COOTHOLIeHH e
3THUX 3JIEMEHTOB B COCTaBe HAHOCTPYKTYP HECKOJIbKO
HHoe - 38,26% In 1 61,74% Sb. ITlonyueHHble JaHHbIE CBU-
JeTeIbCTBYIOT O TOM, 4TO InSb B HAaHOIIPOBOZAX HAX0-
JUTCS B OMTUKPUCTAJIIMYECKOM COCTOSIHUH (10, 11].

BaskHyI0 ponb B QYHKIIMOHHUPOBAHUU NPUOOPOB
Ha OCHOBE MaTpPHL, HAHOIIPOBOAOB UI'PAIOT I1epeXObl
Me>Ky KOHTAaKTHBIMHU 00IaCTSMHU U IIPOBOISIIIUM
KaHaJIOM. BbIu cPopMHUPOBaHBI KOHTAKTHI K3 PA3/IA Y-
HBIX MaTepHaJIoB (HUKeIs, MeIH U AJIIOMUHUS) U IIPO-
BeJleHbl U3MepPeHHU S BOJIbTAMIIePHBIX XapaKTePUCTHUK
(BAX) MaTpHL] HAHOIIPOBOIOB InSb B AOA. MeTonuKa
HM3MepeHUH oIrcaHa B pabore [11].

Ha puc.6 mokasanbsl BAX MaTpHI[ HAaHOIPOBO-
noB InSb ¢ KOHTaKTaMM M3 HUKeIsS U MeIu. BAX
CTPYKTYP C KOHTAKTaMH K3 HHUKeJs, [IpeCTaBJIeH-
Hble Ha pUc.6a, UMeld HeJIMHEeNHBIN BUJ, Ha HUX

LA R TR
p———— 500 HM|[Nm

300 HM | nm

Puc.5. 2nekmpoHHO-MUKpocKkonu4eckue CHUMKU nosepxHocmu
(a) u nonepedHozo ceveHus mampuu, AOA (b), ceuerus nodnox-
KU € ocaxkdeHHbIMU InSb HaHonpogodamu (c) u HaHONP0B80J08
InSb nocae cenekmueHo20 ydaneHus nodaoxku AOA (d)

Fig.5. Electron microscopic images of surface (a) and cross section
of AAO matrices (b), substrate cross section with deposited InSb
nanowires (c), and InSb nanowires dfter selective removal of AAO
substrate (d)

10 CTeIleHW HeJTMHEHMHOCTH MOXKHO BBIJIe/IMTh TPH
ydacTKa. [1epBbIM XapaKTepH3yeTcs c/1abok HelTuHew-
HOM 3aBHCHMMOCTBIO TOKA OT HAIIPSSKeHHSI: TOK PacTeT
oT 0 10 5 MA IIpU yBeJIMYeHUH HaIpsKeHUs oT 0 B mo
II0pOroBoro 3HaveHusd 3-3,5 B. Ha BTopoM y4acTKe IIpU
JlaJIpHeMNIIeM pocTe HAIIpsiKeHUS [0 4-4,5 B ko3ddu-
LIMeHT HeJIMHeHHOCTH CTAHOBUTCS MaKCHMAaJIbHBIM,

cross-sectional area of conducting
channelsis 10 cm?.

Electron microscopic images
of AAO matrices on a silicon sub-
strate for the deposition of nanow-
ires, as well as an array of nanow-
ires on a substrate after selective
dissolution of the AAO matrix are
shown in Fig.4. Fig.5 shows elec-
tron images of AAO substrate with
InSb nanowires and nanowires
themselves after selective dissolu-
tion of the substrate.

Using the electron-probe X-ray
spectral microanalysis, the com-
position of InSb nanowires was
studied. It was determined that in
terms of weight, indium's share is

36.89%, and the share of antimony
is 63.11%. Atomic ratio of these ele-
ments in the composition of nano-
structures is somewhat different -
38.26% In and 61.74% Sb. The data
obtained indicate that InSb is in
the polycrystalline state in nanow-
ires [10, 11].

Important role in the function-
ing of devices based on nanow-
ire arrays is played by transitions
between contact areas and a con-
ducting channel. Contacts were
formed from various materials
(nickel, copper, aluminum), and
measurements of the current-
voltage characteristics of InSb
nanowire matrices in AAO were

performed. The measurement pro-
cedure is described in [11].

Fig.6 shows the current-voltage
characteristics of InSb nanowire
matrices with nickel and copper
contacts. The current-voltage char-
acteristic of structures with nickel
contacts, presented in Fig.6a, had
a nonlinear appearance, three sec-
tions can be distinguished in them
by the degree of nonlinearity. The
first is characterized by a weak
nonlinear current dependence on
the voltage: the current rises from
0 mA to 5 mA with an increase
in voltage from 0 V to a threshold
value of 3-3.5 V. In the second sec-
tion, with a further increase in

#6/77 /2017 NANO INDUSTRY
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Puc.6. BAX mamputbl HaHONpo80dos InSb ¢ koHmakmamu u3 Hukenas (a) u medu (b) [11]
Fig.6. VAC of matrix of InSb nanowires with nickel (a) and copper (b) contacts [11]

TOK YCKOPeHHO Bo3pacTaer 10 15-20 MA. Ha TpeTthem
y4acTKe P He3HAYKUTe/IFHOM IIpUpalleHUH HaIlPs-
SKeHH S TOK BO3PacTaeT [0 CBOeT0 MaKCHMaJIbHOIO 3Ha~
YeHMs, IIPYU 3TOM IIJIOTHOCTh TOKA Yyepe3 KOHTAKT, coe-
OUHSOMME 0KoJj1o 1,025-108 HaHOIIPOBOJOB, COCTABHJIa
27,18 A/cm?. HecMOTPSI Ha TO, UTO M3MePeHHBIe Ha pa3-
HBIX KOHTaKTaX BAX MMenu ofWHAaKOBBIM BU/, I'pa-
HHUIBI 0003HAUYEHHBIX yYaCTKOB U3MEHSIJIUCH B IIpefie-
nax +0,5B.

Ha BAX MaTpHII C KOHTAaKTaMHU U3 MeH IIoCJIe [ep-
BBIX BK/IIOUEHMI IIPOM30II/Ia NPpHUpaboTka KOHTAK-
THBIX I[I€PeX00B InSb/Cu. BAX MMe/IH CTaOU/IbHBIM BUT,

C 3KCIIOHeHIIMaIbHOMU 3aBHCHMOCTEIO TOKAa OT M3Me-
HSIIOIIMXCS HAIIPSIKeHUH IIPU IIPSIMOM B 06paTHOM
BK/IIOUeHUSIX (pHc.6b). ToKM uepe3 HAaHOIIPOBOA JOCTH-
ranu 320 MA 1 6bUTH CTabK/IBHBL BO BpeMeHH, YTO CO0T-
BeTCTBOBAJIO IJIOTHOCTH ToKa 129,8 A/cm?. Ha HeKo-
TOphIX obpasuax Habmroganuck BAX ¢ rHcTepesrcoM,
KOTOPBIM MPOIafajl oC/Ie IPOBeleHUs] HeCKOIBbKHUX
Cepuil M3MepeHHH. ITO sIBJIeHUe CBSI3aHO, II0-BUAU-
MOMY, C HATHYHeM OKHCH M 3aKHCH MeIU K MUTpa-
LIeHt KMCIOPOAa B IPUKOHTAKTHOM CJI0e MaTpHIIbI [11].

BAX CTPYKTYPHI C aIIOMHUHHEBBIMH KOHTaKTaMH
HMeJI1 BU/I, TOXOKHUH Ha BAX CTPyKTyphI C MeJHBIMH

voltage to 4-4.5 V, the nonlinear-
ity coefficient becomes maximum,
and the current rise to 15-20 mA.
In the third section, with an insig-
nificant increase in the voltage,
the current rises to its maximum
value, while the current density
through the contact connecting
about 1,025 - 108 nanowires was
27.18 A/cm?. Despite the fact that
the CVC measured at different
contacts had the same form, the
boundaries of the designated sec-
tions varied within + 0.5 V.

On the CVC of matrices with cop-
per contacts, after the first connec-
tion, the preaging of contact tran-
sitions of InSb/Cu occurred. The

HAHO MHOVCTPHA #6/77/2017

CVCs were stable with the expo-
nential dependence of the current
on the varying voltages for forward
and reverse connection (Fig.6b).
The currents through the nanow-
ires reached 320 mA and were sta-
ble in time, which corresponded
to a current density of 129.8 A/cm?.
On some samples, an CVC with a
hysteresis was observed, which
disappeared after several series
of measurements. This phenome-
non is apparently connected with
the presence of oxide and cuprous
oxide and migration of oxygen in
the contact layer of the matrix [11].

The CVC of the structure with
aluminum contacts looked similar

to the current-voltage characteris-
tic of the copper contact structure
shown in Fig.6b. The current den-
sity in such structures was about
100 A/cm?. There were kinks on
the characteristic, which can be
explained by heating the sample.
Experiments on samples with
gold contacts continue to this
day. They give hope for obtain-
ing current densities close to
104-105 A/cm?, which were calcu-
lated in [1] and measured for a sin-
gle InSb nanowire by the authors
of [12]. Obtaining high current
densities will indicate sufficient
perfection of the investigated
structures and the possibility of
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KOHTaKTaMHU, ITpe[iCTaBIeHHOM Ha pyc.6b. IIIoTHOCTH
TOKA B TAKHUX CTPYKTyPax COCTABIsIA 0KojIo 100 A/cm?.
Ha xapaKTepHUCTHKe HMeTHCh U37IOMBI, KOTOPBIe MOTYT
6BITh 0OBSICHEHBI HArpeBoM 06pasia.

JKCcIepUMeHTH Ha obpasmax ¢ KOHTAaKTaMU
13 30/10Ta IIPOJOJIKAIOTCS 10 HACTOSIIEr0 BpeMeHH.
OHU HaloT HaJeXy Ha [oTy4YeHHe IIJIOTHOCTel ToKa
6nu3kux K 104 - 10° A/cM?, KoTopble 6bIIH PaCCUUTAHBI
B pabore [1] 1 ©3MepeHBI /151 eAUHUYIHOIO HAHOIIPO-
Bozia U3 InSb aBTopamu pabotsl [12]. [TonydeHme BbICO-
KUX IJIOTHOCTEH TOKOB OYyIeT CBHIETelbCTBOBATH
0 IOCTATOYHOM COBEPILIEHCTBE UCC/IeAyeMBbIX CTPYKTYP
1 0 BO3MOKHOCTH PeajIM3alluy Ha X OCHOBe IIpefJia-
raeMbIX HHKe ITPUOOPHBIX KOHCTPYKIHH.

PEJIAKCALJMOHHAS HEYCTOWYMBOCTD

W FEHEPALIUS CBY-KONEBAHUM

[Ipu omrpefie/IeHHBIX YC/IOBUSIX B KOHTAKTHBIX 00JIACTSIX
HaHOIIPOBOAA MOTYT BO3HUKHYTDH pejlaKCallMOHHAas
HeyCTOMUYMBOCTb U 3aTyXaoIlHe OCLH/UISLIUN KOHIIeH-
TPaLIMH 37IeKTPOHOB [3]. O6a 3TH sIB/IeHH S KMEIOT [10pO-
TOBBII XapaKTep K BO3MOKHBI TOJIBKO, €CJIH IT0/IBHYKHO-
CTH 3JIEKTPOHOB B KOHTAKTaX U IIPOBOAAIIEM KaHaJIe
HaHOIIPOBOZAA Pa3/IMYHEL.

[715 omlpesiesIeHHOCTH OyieM CUMTATh, YTO ITOJBIIK-
HOCTb 3JIEKTPOHOB B IIPOBOAAIIEM KaHajie HaHOIIPO-
Boga 6osibllle MX ITOABHSKHOCTEH B SMUTTEPHOM U KOJI-
JIEKTOPHOM KOHTaKTax. Takoe JomyIreHe OIlpaBIaHo
7151 HAHOIIPOBOJIOB M3 InSb ¢ KOHTaKTaMH K3 OPYyrux
[IOJTyITPOBOIHHMKOBBIX MAaTePHAJIOB HU/IH U3 METaJIJIOB,
Torma Ipy IOJIOKUTEIBHOM CMeIlleHUH MeKIY KOJLJIeK-
TOPOM K SMUTTEPOM PelaKCallOHHas HeyCTOMYHBOCTD

MO’KeT HabIomaThcs B KOJJIEKTOPHOM KOHTAaKTe,
a OCUMJUIALIMU KOHIIEHTPALIUH 3JIeKTPOHOB ~ B OMUT-
TepPHOM KOHTaKTe,

PeraKkcallMOHHAS HEYCTOMYKMBOCTh pa3BHUBaeTCH,
eC/IM IJIOTHOCTb TOKA B HAHOIPOBO/JIE j IIpeBbIIIaeT
[I0POroBOe 3HAUeHHE j;,.. [I[PUINHOMN BOSHUKHOBEHU I
HeYCTOMYHMBOCTHU SIB/ISIETCS. CIUIIKOM OosibIlasi IpH
j>jins CKOPOCTH HePaBHOBECHBIX 3JIeKTPOHOB, IIOIa-
JAIOUIMX U3 IIPOBOJSINETo KaHala HAaHOIIPOBOJA B KOJI-
JIeKTOPHBIM KOHTAKT. OHH He yCIIeBAaIOT pPelaKCHUPO-
BaTb K COCTOSIHUIO TePMOLHMHAMKUYECKOI0 paBHOBECH S
3a BpeMs IIpoJieTa QJIMHBL pejlaKCallul U HaKallJIU-
BaIOTCS B KOHTAKTHOM 06J1aCTH.

CornacHo pacyeTaM [3] KOHIIEHTPaL U 3/1eKTPO-
HOB B SMHUTTEPHOM KOHTAKTe 3KCIIOHeHIIHaIbHO Hapa-
CTaeT C UHKpeMeHTOoM Iopsaka 40 TT'L mpyu KOMHAT-
HOM TeMIlepaType. IIpu JOCTHKeHUH HeKOTOPOIo IIpe-
Jle/IbHOT'0 3HaUeHM sl KOHLIeHTpauuH [13, 14] ee HapacTa-
HHe CMeHSeTCs SKCIIOHEHIIUAIbHO ObICTPEIM 3aTyxa-
HHeM C leKpeMeHTOM TOI0 Ke Iopsifika, 1160 mpouc-
XOIHUT TeIlJIOBO IIpo6ori. [I/1s1 HAHOIIPOBOZOB C KOPOT-
KHM KaHajoM [3] ¥ HeBBICOKOH COOCTBEHHOM KOH-
LIeHTpallKel 3JIeKTPOHOB B KOJIJIEKTOPHOM KOHTAKTe
penaKcallMOHHAsl HeyCTOMUYKBOCTb AOIKHA IIPUBO-
OUTH K 3aMeTHBIM HU3MeHeHUSIM B IIPOBOLHUMOCTHU
CTPYKTYPHL.

Ecnu HJIOTHOCTH TOKAa B HAHOIIPOBOJE IIPEBHI-
aeT APyroe OporoBoe 3HaYeHHUeE j,q, B SMUTTEP-
HOM KOHTAKTe BO3SHHMKAIOT 3aTyXalollKhe BbhICOKOYa-
CTOTHBIEe OCLMJIISILUU KOHLIEHTPALIUU 3JIeKTPOHOB
(3]. TIpUYMHOM OCLIMJIISLIUI SBASIeTCSI HeJOCTaTOu-
Has KOHLIeHTPAL U 31eKTPOHOB, He0OXOOMMBIX IS

implementing on their basis the
proposed device designs.

RELAXATION INSTABILITY
AND GENERATION OF MICROWAVE
OSCILLATIONS
Under certain conditions, relax-
ation instabilities and damped
oscillations of the electron con-
centration can arise in the contact
regions of the nanowire [3]. Both of
these phenomena have a threshold
character and are possible only if
the electron mobilities in the con-
tacts and the conducting channel
of the nanowire are different.

For definiteness, we will
assume that the mobility of

electrons in the conducting chan-
nel of the nanowire is greater than
their mobilities in the emitter and
collector contacts. This assump-
tion is justified for InSb nanow-
ires with contacts made of other
semiconductor materials or met-
als. Then, with a positive displace-
ment between the collector and
the emitter, the relaxation insta-
bility can be observed in the collec-
tor contact, and the oscillations of
the electron concentration - in the
emitter contact.

Relaxation instability devel-
ops if the current density in the
nanowire j exceeds the thresh-
old value j;,,. The cause of the

instability is the velocity (too high
for j> ji,e) of nonequilibrium elec-
trons that come from the conduc-
tive channel of the nanowire to
the collector contact. They do not
have time to relax to the state of
thermodynamic equilibrium dur-
ing the time of flight of the relax-
ation length, and accumulate in
the contact area.

According to the calculations
of [3], the electron concentration
in the emitter junction increases
exponentially with an increment
of the order of 40 THz at room
temperature. When a certain
limiting concentration [13, 14] is
reached, its growth is replaced by

#6/77 /2017 NANO INDUSTRY
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Fig.7. Oscillation frequency of electron concentration in emitter w,
as function of current density j [14]

obecrieyeHHs B CTAIIOHAPHOM peXXHUMe Tpebyemoro
YPOBHSI UX MHKEKIIUU U3 SMHUTTEPA B IIPOBOISIIIHI
KaHaJI HAHOIIPOBOZA.

B obImeM ciy4ae IIOPOroBble IIJIOTHOCTH TOKOB jjq
U josc ~ Pa3HBIE BeTMUMHBI. OJJHaKO, BapbUPYysl Mapa-
MeTpBI HAHOIIPOBOJA, MOSKHO LOOUTHCS TOro, 4To 06a
pacCMaTpHUBaeMBIX SIBJIeHHUSI HAYHYT Pa3BUBATHCS
IIpY OJIHOM M TOM >Ke 3Ha4YeHHHU IJIOTHOCTH ToKa [14].
IIpu 3TOM, KaK BHIHO Ha PHUC.7, B SMUTTEpe IO0SB-
JsleTCsl BCTPOeHHAasi UHAYKTUBHOCTD, & B KOJIJIEK-
TOpe, KaK [TI0OKa3aHO Ha puc.8, popmupyeTcs 061acTh

Puc.8. luppepeHuuarbHoe conpomusneHue nepexoda mexxoy
NpoBOOAWUUM KAHAAOM U KOAEKMOPOM . KAk ¢yHKUUS naom-
Hocmu moka j [14]

Fig.8. Differential resistance of transition between conductor
channel and collector r;. as function of current density j [14]

C OTpHULIATe/IbHBIM OHUPPepeHIa/IbHBIM COIIPOTUBIIE-
HueM. To eCTb BOSHHUKAIOT YCJIOBH ST, HeOOXOIHMBIe /IS
reHepanyy CBU-MOIIHOCTH.

AHaNM3 COOTHOLIEHHH, II0JyUYeHHBIX B paboTax [3,
13, 14], mokasbIBaeT, YTO TeHepaLus CBY-konebaHUM
B KBAHTOBOM IIPOBOJie BO3MOKHA TOJIBKO IIPHU OIlpe-
JeJIeHHBIX COOTHOIIEHUAX MEXAY ero reoMeTpHu-
YeCKUMH U 3/IeKTPoPHU3UUYeCKUMHU ITapaMeTpaMHU.
[IpencTaB/aeHHbIe Ha PUC.7-9 pe3yabTaThl ObLIM pac-
CYMTAHBI /151 HAHOIIPOBO/a C IIPOBOAAIIMM KaHaJI0M

an exponentially fast decay with
a decrement of the same order, or
a thermal breakdown occurs. For
nanowires with a short channel
(3] and a low intrinsic electron con-
centration in the collector contact,
the relaxation instability should
lead to appreciable changes in the
conductivity of the structure.

If the current density in the
nanowire exceeds another thresh-
old value j,,, damped high-fre-
quency oscillations of the electron
concentration appear in the emit-
ter contact [3]. The reason for the
oscillations is the inadequate con-
centration of electrons necessary
to ensure, in a stationary mode,

HAHO MHOVCTPHA #6/77/2017

the required level of their injection
from the emitter into the conduct-
ing channel of the nanowire.

In general, the threshold den-
sities of j; s and j,, are different.
However, by varying the param-
eters of the nanowire, it can be
achieved that both of the consid-
ered phenomena will begin to
develop at the same current den-
sity value [14]. In this case, as seen
in Fig.7, an inductance appears in
the emitter, and in the collector,
as shown in Fig.8, a region with
a negative differential resistance
is formed. That is, the conditions
necessary for generating micro-
wave power arise,

Analysis of the relationships
obtained in [3, 13, 14] shows that the
generation of microwave oscilla-
tions in a quantum wire is possible
only for certain relations between
its geometric and electrophysical
parameters. The results presented in
Fig.7-9 were calculated for a nanow-
ire with InSb conductor channel of
100 nm in length and silicon con-
tacts of n-type. The length of the
emitter contact was also 100 nm,
and the electron concentration - 10
cm?. The length of the collector con-
tact was 500 nm, and the electron
concentration - 5-10% cm?.

Calculation of the maxi-
mum power generating by such
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Fig.9. Maximum microwave power generated by single
nanowire [14]

u3 InSb gnuHo#M 100 HM U KPeMHHUEBBIMU KOHTAK-
TaMH N-TUIa. [/IMHA SMUTTEPHOI0 KOHTAaKTa PaB-
HsJIach Takke 100 HM, a KOHLIeHTPaLlus 3JIeKTPO-
HOB - 10 cmM3. [I1MHA KO/J/JIEeKTOPHOIO0 KOHTAKTa
coctaBisaa 500 HM, a KOHL@HTPALIKUI 3JIeKTPO-
HOB - 5-10% cm3.

PacyeT MaKCHMaJIbHOM MOIIHOCTH, OTAAaBaeMOM
TaKHUM HaHOIIPOBOJAOM BO BHEIIHIOIO LIeIIb, IIPeJCcTaB-
JieH Ha puc.9. Ilpu yacrtoTax, MeHbuX 1,4 TT1I, oH
MOJKET TeHepHPoBaTh IopsaKa 10 HBT CBU-MOIITHOCTH.
ITpu sToM ero pacueTHbIH KIIJl paBeH okoso 13%. Ilpu

Puc.10. Cxema 3ameuieHus Mampuubl HAHONPO80008
Fig.10. Equivalent circuit for matrix of nanowires

YaCTOTax, IIpeBbllaoIux 7,2 TI'1l, reHepalyus Ipexpa-
IIaeTCsl, ¥ KBAaHTOBBIU IIPOBOJ, IIOI/IONIAeT BHEIIHIOK
3Hepruio 13, 14].

CXEMA 3AMELLEHWNA
JJeKTpHUUecKas CcXeMa 3aMelleHHs /I MaTpPHILbI
HaHOIIPOBOJOB IIOKa3aHa Ha puc.10. OHa COCTOUT
U3 CeAyIUIUX 31eMeHTOB: SMUTTep (COMPOTUBIIe-
HUe R, eMKocTh C,, HHAYKTHUBHOCTS L,), 06/1aCTBh I1po-
BOJSIIIUX KaHAJIOB (COIPOTUBJIeHHE Ry,), KOJLJIEKTOP
(compoTtuBneHus R u Ry, emkocTs C,).

Bce mapamMmeTphl ABAATCA QYHKUHUAMHU
TOKa W BBIYHCJIAIOTCS Ha OCHOBE pPe3yjJIbTaTOB

a nanowire to the external cir-
cuit is shown in Fig.9. At frequen-
cies below 1.4 THz, it can generate
about 10 nW of microwave power.
At the same time, its estimated
efficiency is about 13%. At frequen-
cies exceeding 7.2 THz, the genera-
tion ceases and the quantum wire
absorbs external energy [13, 14].

EQUIVALENT CIRCUIT

The electrical equivalent circuit for
the matrix of nanowires is shown
in Fig.10. It consists of the fol-
lowing elements: emitter (resis-
tance R,, capacity C,, inductance
L), region of conducting chan-
nels (resistance R.,), collector

(resistances R, and R,,, capaci-
tance Cy).

All parameters are current
functions and are calculated on
the basis of simulation results
of charge transfer in the nanow-
ire, taking into account the exis-
tence of instability and relaxation
modes. The resistances of R, and
R, are the usual ohmic resistances
of the emitter and collector, posi-
tive for all current values. The resis-
tance R, is positive for currents
less than the relaxation instabil-
ity threshold, and becomes neg-
ative when the current exceeds
the threshold value. The value of
R,, is determined by the damping

decrement or the growth increment
of electron concentration fluctua-
tions in the collector. The L, induc-
tance equals zero at currents less
than the threshold of relaxation
oscillations and is determined by
their frequency when the current
exceeds the threshold value.

To take into account the effect
of the microwave electric field of
the resonator on the processes in
the semiconductor structure, the
oscillator circuit must be supple-
mented by an oscillatory circuit.
Therefore, numerical calculations
were carried out with an oscilla-
tory circuit (Fig.11), taking into
account the basic design features

#6/77 /2017 NANO INDUSTRY
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MOJeTMPOBAHUS IepeHoca 3apsaaa B HAHOIPO-
BOJle C y4eTOM HaJIHW4Hs PeKMMOB HeyCTOMYHBOCTH
Y pe/laKCallMOHHBIX KoaebaHui. COIPOTHUBIEHUS
R, 1 R, — 3T0 06BIYHEIe OMHYECKHEe COTPOTHUBIEHHUS
S5MUTTEPA U KOJJIEKTOPA, [I0JI0OKHUTEe/IbHEBIE IIPU BCeX
3HaYeHHAX ToKa. COmpoTHBIIeHHe R, ITOJIOKUTEIBHO
IIPYU TOKaX, MeHBIIKX II0pOra pe/laKCallMOHHOH Hey-
CTOMYHBOCTH, U CTAHOBUTCS OTPHULIATebHEIM IIPH
IIpeBBIIIeHUM Y TOKOM IIOPOrOBOI0 3HAYeHH . 3HaYeHHe
R., ompenensgeTcsa NeKpeMeHTOM 3aTyXaHHS HIIU
MHKPeMEeHTOM HapacTaHUS QIyKTyal Ml KOHIIeHTpa-
LMK 3JIeKTPOHOB B KOJIJIeKTOpe. MHAYKTUBHOCTS L,
PaBHSIETCS HYIIIO IIPHU TOKAX MEHBIIKX [I0OPOra peyak-
CaIIMOHHBIX KOTebaHUM U OIlpefie/sieTCsl UX YacTOTOM
IIpHU ITPEBBIIIEHHH TOKOM IIOPOrOBOT0 3HAYEeHH .

[nsa ydeTa BIMSAHHSA dJIeKTpu4yeckoro CBY-mmonsg
pe3oHaTopa Ha MPOLecCh B I0JYIPOBOLHHUKOBOM
CTPYKType Iellb reHepaTopa J0JKHa OBITH JOION-
HeHa KosnebaTeTpHBIM KOHTYPOM. I103TOMY UMC/IeH-
HbIe PacyeTsl IIPOBOJMIIHCH C KolebaTeTbHBIM KOHTY-
poM (prc.11), y4UTBIBAIOLIUM OCHOBHBIE KOHCTPYKTHB-
Hble 0CO6eHHOCTH 3JIeKTPOAHMHAMUYECKOHN CHCTEMBI
reHeparopa.

B 3TOoM cxeme AUOABI, IOAK/IIOUeHHBEIe HABCTpedy
OPYyT APYTry, UTPAIOT POjIb OTPAHHUYMTEIIS YACTOTHI,
a KosebaTebHBIN KOHTYP 3aMellaeT KOMOMHHPOBaH-
HYI0 KolebaTe/bHYIO CHCTeMY, 06pa30BaHHYIO KOAK-
CHAJIBHOM LIeIIbI0 CTPYKTYPhI M [TOAK/IIOYeHHBIM K ee
Pe30HaTOPHOM KaMepe pery/JxupyeMbIM BOJTHOBOAHBIM
pe3oHaTopoM.

MOJAE/INPOBAHME

[Ipy MomenHuPOBaHUH BBHIIIONHSAIACH OIITHMHU3ALUSA
YKC/IeHHBIX 3Ha4eHHU 3/IeMeHTOB CXeMBbl 3aMelleHH 1.
Paboyast TouKa BeIOHMpanach Tak, YTOOBl MHKPEMEHT
HapacTaHUs QIYKTyalluH KOHLEHTPALIUH 3JIeKTPOHOB
B KOJIJIEKTOpE COOTBETCTBOBAJI TePareprioBOMY AHaria-
30HY YacToT. B pe3ynbrare BEIOpaH TOK, paBHBIH 4,10 A.
[TapaMeTpsl LieIIX [IPH 3TOM TOKe OKa3bIBAIOTCS CJIe-
nyomuMu: R, = 0,0574 OmMm, C, = 0,184 1P, L, = 0,00 I'n,
R = 0,0154 Om, R.,= 3, 83 OmMm, C. = 0,224 1P, R, =
0,0313 Om.

PacueThl XapaKTepUCTHUK reHepaTopa B KOpIiyce
[I0Ka3ajH, YTO MHAYKTUBHOCTb SMHUTTEPA 3aTPYA-
HsleT IlepeXof Ipubopa B peskuM reHepaluu. [1o 9Toi
IIpUYKMHEe Yy aKTUBHOTO 3JIeMeHTa 3MUTTEP BhIIIOJI-
HeH M3 30JI0Ta, a He U3 KpeMHHU. B Takom ciydvae

of the electrodynamic system of
the generator.

In this circuit, the diodes con-
nected toward each other play the
role of a frequency limiter, and
the oscillatory circuit replaces
the combined oscillatory system
formed by the coaxial circuit of
the structure and by the adjustable
waveguide resonator connected to
its resonator chamber.

MODELING

During the simulation, the
numerical values of the elements
of the equivalent circuit were
optimized. The operating point
was chosen so that the growth

HAHO MHOVCTPHA #6/77/2017

increment of the electron concen-
tration fluctuations in the collec-
tor corresponded to the terahertz
frequency range. As aresult, a cur-
rent of 4.10 A is selected. The cir-
cuit parameters at this current
turn out to be: R, = 0.0574 Ohm,
C, = 0.184 pF, L, = 0.00 H, R, =
0.0154 Ohm, R, = 3.83 Ohm, C_ =
0.224 pF, Ry, = 0.0313 Ohm.
Calculations of the characteris-
tics of the generator in the hous-
ing showed that the inductance of
the emitter makes it difficult for
the device to go into the generation
mode. For this reason, the emit-
ter of the active element is made
of gold, and not of silicon. In this

case, relaxation oscillations in the
emitter contact can occur only at
very high currents, several orders
of magnitude higher than the
threshold current of the relaxation
instability in the collector.

The trigger pulse was selected
with an amplitude of 0.1V at a
frequency of 0.97 CHz. The induc-
tance and capacitance of the
external oscillatory circuit var-
ied within 2.63-0.56 pH, 0.105-
0.022 fF. As a result, excitation of
oscillations at frequencies from
303 GHz to 994.7 GHz was pro-
vided. Fig.12 and Fig.13 show the
calculated dependences of the
voltage of the generated signal
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Fig.12. Generation at frequency of 303.0 GHz

peJlakcaliMoHHbIe KolebaHUs B SMUTTEPHOM KOHTAKTE
MOT'YT ITPOSIBUTBCSI TOJIBKO IIPH OU€Hb OONBIINX TOKAX,
Ha HeCKOJIbKO IIOPSIIKOB IIPeBBIIIAONINX [IOPOTOBBIH
TOK pe/IaKCallIOHHOL HeyCTOMYKBOCTH B KOJLJIEKTOPe.
HIMITy/bC 3a11ycKa BEIOMpasICst c aMIUTHTYAOM 0,1 B Ha
yacToTe 0,97 ITh. MHAYKTUBHOCTb U €MKOCTb BHEIII-
Hero KosebaTeTbHOT0 KOHTYpa M3MEHSUIHCh B IIpejie-
nax 2,63 0,56 nl'H, 0,105 0,022 . B pe3ynrrare obec-
Me4yrBajIoCh Bo36yKIeHUe KojebaHUI Ha 4acTo-
Tax oT 303 mo 994,7 I'Tu. Ha puc.12 u 13 mpencTas-
JIeHBl paCCUMTAaHHBIE 3aBUCHMOCTH HaIPSI>KeHUS

reHepHUpyeMoOro CUTHajia OT BpeMeHHU U CIIeKTPhI CUT'-
HaJIOB HA 3THX YacToTaX. YHC/IIeHHOe MOOeIHPOBa-
HHe [10Ka3ajio, YTO IIPU BKIKYEHUH TeHepaTop 3aIly-
CKaeTcs ">KeCTKO', aMIIUTYAA KojlebaHUM JOCTUTaeT
CTallMOHAPpHOTO 3Ha4YeHHs U, = 0,8 B 3a mepBYyI0 I10JI0-
BHHY IIepHofia KonebaHUM, JOCTYITHAS BBIXOHAS MOII-
HOCTBb cocTaBsieT 12,8 MBT.

CBY-reHepaTop KaK SKBHBa/IEHTHBIL YeThIPeXII0/II0-
CHHK MOKeT ObITb OIIHCaH S-TlapaMeTpaMHU, H3Mepse-
MBIMH B JIMHHAX C COITIACOBAHHBIMU HArpy3KaMH, 4TO
Ha CBePXBBICOKHX YacTOTaX peanan3syercs Haubomee

on time and the spectra of the
signals at these frequencies.
Numerical simulation showed
that, when turned on, the genera-
tor starts "hard", the amplitude of
the oscillations reaches a station-
ary value U, = 0.8 V for the first
half of the oscillation period, the
available output power is 12.8 mW.

The microwave generator as an
equivalent four-terminal network
can be described by S-parameters
measured in lines with matched
loads, which is realized most sim-
ply at the ultrahigh frequencies.
Using S-parameters of the gener-
ator measured at several frequen-
cies, it is possible to determine (or

refine) the elements of its equiva-
lent circuit, and conversely, the
known equivalent circuit allows
calculating S-parameters at any
frequency of the range in which
this circuit is correct.

To calculate the S-parameters
of the microwave generator with
matrix of nanowires as the active
element, the EMPro software was
used. The results are shown in
Figs.14 and 15. The reflection coef-
ficient (S11) reaches the minimum
value at a frequency of 650 CHz.
At the same frequency, the trans-
mission factor (S12) has a quite
acceptable value of about 10 dB.
Also there are local minima of S11

parameter at frequencies 300 GHz,
370 GHz, 910 GHz, etc.

Based on the analysis of the
dependence of the S-parameters of
the generator on frequency, it can
be concluded that the frequencies
of 300 GHz, 370 GHz, 650 GHz and
910 GHz are optimal for its oper-
ation. At these frequencies, the
reflection coefficient has minima,
the transmission coefficient - local
maxima, and the VSWR takes val-
ues in the range from 4 to 15.

Fig.16 shows the distribution
of the electric field E in the wave-
guide at selected frequencies. At
a frequency of 300 CHz, the larg-
est part of the power goes out in
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Puc.14. 3asucumocmb S-napamempos 2eHepamopa om 4acmombal
Fig.14. Dependence of S-parameters of generator on frequency

rpocto. Ilo S-mapaMeTpaM reHepaTopa, U3MepeHHBIM
Ha HeCKOJIPKHX YacTOTaX, MOKHO OIIpefie/IuTh (MU
YTOUHUTB) 3/IeMEeHTHI er0 3KBUBAaJIEHTHON CXeMBI, H,
Ha060poT, M3BeCTHAs S5KBUBAJIEHTHAS CXeMa I103BO-
JIsIeT PaCcCYMTATh S-IIapaMeTphl Ha N060HM YacToTe
[JHala3oHa, B KOTOPOM 3Ta CXeMa KOppeKTHa.

Insg pacuyeroB S-mapameTpoB CBY-reHepaTopa
C aKTHBHBIM 3/IeME@HTOM M3 MaTPHUIbl HAHOIIPOBO-
JIOB HCIIOJIb30Bajach IporpaMma EMPro. Pe3y1bpTaThl
npencTaBieHbl Ha puc.l4 u 15. KospounneHrt

HAHO MHOVCTPHA #6/77/2017

oTpaxkeHHS (S11) JoCcTHUraeT MUHKMMAa/IbHOIO 3HaUe-
HH A IIpU 4acToTe 650 I'T1. ITpH 3TOM >Ke 4acToTe Ko3d-
dunmeHT nepenayu (S12) UMeeT BIIOTHE IIpHeMJIeMOe
3HayeHHe oKoJio 10 16. Takske UMEIOTCS JIOKAJIbHbIe
MHHHMYMEI apameTpa S11 npu vacroTax 300, 370,
910 I'T1r 11 .

Hcxoma u3 aHalK3a 3aBUCHMOCTH S-IIapaMeTpPOB
reHeparopa OT YaCTOThI, MOXKHO C[eJIaTh BBIBOJ,
YTO ONITUMAJIBHBIMU 11 €T0 QYHKIIMOHHUPOBAHU A
SABASA0TCS YacTtoThl 300, 370, 650 1 910 I'T1r. Ha sTtux
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Puc.15. KCBH zeHepamopa
Fig.15. VSWR of generator

4acToTaxX Ko3QOULHMeHT OTpakeHUsI UMeeT MUHHU-
MYMBI, KO3QOUILIMEHT IPOXOKAHHUS ~ JIOKa/IbHbIe
MakcuMyMBI, a KCBH npyuHUMaeT 3HaYeHH S B JHUalla-
30He oT 4 o 15.

Ha puc.16 moxkasaHo paclipeneseHue dJIeKTpHUYe-
ckoro 11015 E B BOTHOBO/Ie Ha BEIOPaHHBIX 4acToTaxX. Ha
yactoTe 300 I'T1 HauboJIbIas 4acTh MOLIHOCTH BbIXO-
IUT B HallpaB/leHUH I10/Ie3HOM Harpy3KH, M3MeHeHHe
AMIUIHTYIBI IPOUCXOAUT PAaBHOMEPHO BJIOJIb I POKOM

Puc.16. PacnpedeneHue 3neKmpu4yeckozo noAs 8 80AHOB00e 2e-
Hepamopa npu pasAu4HbIX 4YacmMomax 2eHepayuu

Fig.16. Distribution of electric field in waveguide of generator at
different generation frequencies

CTeHKH BojiHOBoAA. IIpu 370 I'T1I YacTh MOIIHOCTH Tpa-
THUTCS B HallpaBJIeHU U PeryJnupylolero mopimHs. Ha
yacroTe 650 I'Ty aMmIuiuTyna mmonsd E mocturaer 60J1b-
IIMX 3Ha4YeHUH dyeM Ha 300 I'T1y, Ho ero pacmipefieieHUe
BJ0JIb BOJIHOBOJA HeogHOpoLHO. IIpu yactote 910 I'Try
obpasoBaHue E-BoH He HAbIIOOAETCS, TO €CTh CO3/1aTh
CTaOM/IBHBIN HCTOYHHK MOIIHOCTH HEJIb3s5I.

the direction of the payload, the
amplitude change occurs uni-
formly along the wide wall of the
waveguide. At 370 CHz, part of
the power is spent in the direc-
tion of the regulating piston. At
650 GHz, the amplitude of the
E-field reaches higher values than
at 300 GHz, but its distribution
along the waveguide is not uni-
form. At a frequency of 910 CHz,
the formation of E-waves is not
observed, that is, it is impossible
to create a stable power source.

CONCLUSION
Modern technology allows
the creation of matrix of InSb

nanowires in regular pores of
anodic aluminum oxide. The
geometric characteristics of the
conducting channels vary from
30 nm to 70 nm with lengths
from 200 nm to 50 pm. The pla-
nar dimensions of the matri-
ces, in principle, are unlimited.
Contacts of nanowires can be cre-
ated using various metals, semi-
metals and semiconductors.

In the conducting channels
of InSb with dimensions less
than 60 nm, already at room
temperature, the quantization
of the electron energy is real-
ized. The nanowire contacts
can be formed in such a way

that heterojunctions are formed
between them and the conduct-
ing channel. When current flows
through heterojunctions, vari-
ous non-equilibrium quantum
phenomena are realized that
determine the spectrum of pos-
sible applications of nanowire
matrices.

In particular, generators of
electromagnetic oscillations
can be created in the frequency
range from 300 CHz to 3 THz.
Theoretical estimates indicate the
uniqueness of the characteristics
of these promising devices. The
first experimental results con-
firm theoretical predictions. ®
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3AKNIFOYEHUE

CoBpeMeHHAas TeXHOJIOIHS II03BOJIseT CO3L4aBaTh
MaTpPHIBI HAHOIIPOBOJOB M3 aHTHMOHHUAA HHAUSA
B Pery/JspHBIX II0paxX aHOLHOTO OKCHUIA aTIOMUHMUS,
TeomeTprUeCKHe XapaKTePUCTUKHU IIPOBOASIIMX KaHa-
JIOB YIIpaBJIsieMO BapbUPYIOTCA: IOIepedyHble ceye-
HU4 B ripefenax oT 30 1o 70 HM, a JJIKHBL 0T 200 HM
nmo 50 mxM. IlmaHapHbIe pa3sMephl MaTPHIL, B [IPHH-
LKIe, HU4YeM He orpaHU4YeHbl. KOHTaKThl HAHOIIPO-
BOZIOB MOT'YT OBITH CO3/IaHBI U3 PA3THYHBIX METAJIJIOB,
II0JIyMeTaJIJIOB i II0JTyIIPOBOTHUKOB,

B mpoBopsmux kaHanax us InSb ¢ pasmepamu,
MeHBUIHMH 60 HM, y>Ke [P KOMHATHOH TeMIlepaType
peanu3syeTcs pasMepHoe KBAHTOBaHHE SHEPTUH 3JIeK-
TPOHOB. KOHTaKTHl HAHOIIPOBOJOB MOT'YT BBITH cdHop-
MHPOBaHBI TAKUM 06pa3oM, 4TO MeXXAy HUMH U IIPO-
BOJSIIIMM KaHAJO0M 06pa3yloTcsi reTeporepexofsl.
[Tpu IpoTeKaHUH TOKA Yepes reTeporepexonbl peaau-
3YIOTCS pa3/iMyHble HepaBHOBECHbIe KBAHTOBBIE BJIE-
HH S, KOTOPbIE OIIPeIe/ISIOT CIIEKTP BO3SMOSKHBIX ITPHUMe-
HeHM I MaTpPHI] HAHOIIPOBOJOB.

B 4acTHOCTH, MOTYT OBITH CO3/IAHBI F€HEPATOPHI
37IeKTPOMATrHUTHBIX KoJIebaHUMN B AUAIIA30HE YaCTOT
oT 300 ITr mo 3 TT. TeopeTH4YecKHe OLIEHKU CBUIE-
TebCTBYIOT 00 YHHUKA/JIBHOCTH XapPaKTePHUCTUK 3THUX
MepCIeKTHBHBIX YCTPOUCTB. IlepBhle 3KCIIepPHMeH-
TaJbHBIE Pe3Yy/IbTATHI [IOATBEPKAAIOT TeOPEeTHYEeCKHe
IIpefcKa3aHUs.
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