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BakyyMHble TyHHe IbHble Auogabl (BT/,) MOryT NpUMEHSTbCS
KaK B OXJIXKAAOLLMX NpUBopax, Tak U B TBEPAOTE/bHbIX
reHepartopax 3/1eKTpuyeckoro Toka. KeaHToBo-
MeXaHU4eckue pacyeTbl MAKCUMasIbHOM 31eKTPUYECKOm
MOLLHOCTU U 3ddeKTuBHOCTU BT/, B 3aBUCUMOCTU

OT LUMPUHbI BAKYYMHOI0 3a30pa U pa3HOCTU TeMmnepaTtyp
Ha 3/1eKTpoAaX B peXxMMme reHepaumn 3/1eKTpodHeprum
noKasbIBaloT NepcrekTUBHOCTb UX UCMO/Ib30BaHUS

B reHepaTopax 3/1eKTPUYeCcKoro Toka, paboTaroLmx

OT pa3HO06pa3sHbIX UCTOYHUKOB Ter/1a B HAMMeHee
Mncnosb3yeMom auanasoHe temnepartyp 300-600°C.
OpaHako g1 co3pgaHus BT/, 6obLuov naowaam aas
reHepaTopoB 3/IeKTPUYECKOro TOKa He06X0AMMbl
[OMNOJIHUTE/IbHbIe HayYHble UCcCcnefoBaHUs.

pobirembl 3HeprocbepeskeHUS U yTHJIU-

3anuu 6pocoBoro Temaa MeTajJlypruyec-

KHX 3aBOJIOB, TeIIJIOBBIX 3JIeKTPOCTAHIIHUH,
AHU3e/IbHBIX JBUraTe/Jled U APYTHX HCTOYHH-
KOB B IIOC/TeHee BpeMsl CTAHOBSATCS 0Co6eHHO
aKTyaJIbHBIMHU. 0o CHUX ITOp Hauboee mepcrex-
THUBHBIMU TBEPHAOTE/JIbHBIMH FeHepaToOpaMHu
3JIEKTPHUYECKOTO TOKA, UCIIOAB3YIOIMMHU HHU3KO-
TeMIlepaTypHoe TeI1o (Lo 250-350°C), CYHUTATHUCH
TepMO3JIeKTpHUUeCKHe IPHUOOPHL.

B 2000 rogy xomnaHusa Cool Chips 3asBuna
0 Haydaje pa3paboTOK TBEPAOTEIbHBIX BAKYYyM-
HBIX TYHHeJbHBEIX AUONOB (BT/l), mpenHa3Ha-
YeHHBIX [Jis HCIIOJIb30BAaHHUS B YyCTPOMCTBAX
OXJIaKOeHUS U IIPOM3BOLCTBA 3JIeKTPOdHEP-
ruv. TUnu4YHBIHA BT/ npencTaBiseT cobol nBa
MeTaJ/UIMYeCKHUX HUJIH MOTYIIPOBOSHUKOBBIX 3JI€K-
Tpona, pa3fe/ieHHBIX BAKYYMHBIM IIPOMEKYTKOM
IIHPUHOU B HECKOJIbKO HAHOMeTPOB. IIpu Harpe-
BaHHH ONHOIO M3 3JIEKTPOJOB BO3HKMKAET TYH-
HeJIBHBIH IIOTOK 3/IeKTPOHOB OT IOpsS4ero sjeK-
TpoJa K XOJIOJHOMY 4Yepe3 BaKyyMHBIHU 3a30P,
cosmaBag TEPMO3/C, BeTHYHUHA KOTOPOM IIpPoO-
IOPUMOHAJbHA PA3HOCTHU TeMIIePATYPhl MeXAY
37IeKTPOAaMHMU.
OcHOBHEIE IIPeHMMYIecTBa NpUMeHeHH s BT/

B OXJI’KAAIOMUX Iprubopax:
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VACUUM
TUNNEL DIODES

S.Nesterov”, D.Sc., A.Kholopkin®, Ph.D./
sbnesterov@niivt.ru

Vacuum tunnel diodes (VTD) can be

used in cooling devices and in solid-state
electric generators. Quantum-mechanical
calculations of the maximum electric
power and efficiency of VTDs depending
on the width of the vacuum gap and

on the temperature difference between
the electrodes in the mode of electricity
generation shows promise for their use

in the electrical generators, working

on a variety of heat sources in the least
used temperature range of 300-600°C.
However, for a large area VTDs for electric
generators more research is needed.

owadays the problems of energy saving and

utilizing of waste heat from metallurgic plants,

heat power stations, diesel engines and other
heat sources are very urgent. Thermo-electric devices
have been considered recently as the most promising
electric current generators using low temperature
heat less than 250-350°C.

In 2000 the firm Cool Chips declared the beginning
of development of VTDs as basic elements for solid-
state coolers and electric power generators. But after
2003 no new investigation results were reported.

A typical VTD consists of two metal or semi-
conductor electrodes separated with several
nanometer vacuum gap. At heating one of electrode
there appears a tunnel electron flow directed from
hot electrode to cold electrode creating electromotive
force that is proportional to the temperature
difference between electrodes.

According to Cool Chips information the cooling
VTDs have the following advantages:

« high efficiency - about 55 % connected with
reduction of back heat flow through a vacuum
gap (this figure was calculated in theoretical
department of Stanford university), for
comparison, efficiency of cooling systems on the
basis of compressors is about 45%, and on the basis
of thermoelectric devices - 5-8%;

*HUW BakKyyMHOM TeXHUKN UM. C.A.BEKLLIMHCKOrO.
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e BbICOKasgd 3PPeKTUBHOCTL IO OTHOIIEe-
HHUIO K LHKJIY KapHo, KoTopas, I10 AaHHBIM
CTeHPOpPACKOTO YHUBEPCUTETA, JOCTUTaeT 55%,
4TO 06yCJIOBJIEHO HU3KUM OOPAaTHBIM TEIJIOBBIM
IIOTOKOM 4Yepe3 BaKYYMHBIH 3a30p. 15 CpaBHe-
HUS: 3O0PEeKTUBHOCTD OXJIAKAAIIMKUX CUCTEM
Ha 6a3e KOMIIPeccopoB cocTaBisieT 45%, Ha 6a3e
TepMO3JIeKTPHUUeCKUX IIPUOOPOB — 5-8%;

* yAelbHas cTOoUMOCTb oT 0,05 mo 0,10 momu./BT.
I cpaBHeHUS: yae/libHasd CTOUMOCTD OXJIasK-
OAOMIUX CUCTeM Ha 6a3ze KOMIOpPeCCOpoB
U TepMO3JIeKTPUUYeCKUX HPUOOPOB CcOCTaB-
nsert 0,1-0,2 monn./Bt u 6onee 1,5 monn./BT
COOTBETCTBEHHO;

* IIOJIHOE OTCYTCTBHE 3aTrPsI3HEHMU I OKPY>Kalollel
Cpensl.

Jlo cUX IIOp IMpaKTU4YeCcKoe NpuMeHeHHe BT/
CIepP>KUBAJIOCh OTCYTCTBHEM TeXHOJIOTHHU CO3a-
HHUSI YCTPOMCTB C 3JIeKTPoZaMHU OOJBLION IIJIO-
maJyd U BAaKyyMHBIM 3230pOM HIMPUHOM 5-10 HM.
Komnauus Cool Chips mpennoskuna u3roTaBiau-
BaTh 3JIeKTpoabl BT/ myTeM HaIlbl/IeHUS MeTall-
MUYeCcKOM IIJIEHKH Ha IIOAJIOXKY C IOCJIeAyIo-
MM ee OTHeJIeHUeM, B Pe3yJibTaTe 4yero peabed
IIJIEHKH [10JITHOCTBIO IIOBTOPSJI pejibed IIOAJIOKKHU.
PaccTosiHMe MeXXOy TAKUMHU 3JIeKTPOLaMU pery-
JIUPOBAJIOCh C IIOMOIIBIO IIhe30KepaMHUUYeCKOIO
KOJIbLIa. DKCIIePUMEHTAIbHO OBl IOATBEePXKAeHA
BO3MOKHOCTh peanu3zanuu BT/l ¢ BAKYYMHBIM
3a30poM 20-50 HM U paboyell mJIOMAbIO TIEKTPO-
noB 1-2 cm? [1, 2]. OgHaKko B 3THX paborax He c006-
IIa70Ch, KAKKUM 0b6pa3om mpepIonaraeTcs coxpa-
HATH 3aJaHHYIO BeJIMYHMHY BaKyyMHOIO 3a30pa,
YyCTPaHATh TeMIIepaTypHble nedopMalluU 3JIeK-
TPOZOB U 0CIabisITh BAUSIHUE BUOPALIUI B IIPO-
mecce pabotsr BT]I. Tak>ke He co06I1a10Ch, KAKOBBI
pe3yabTaThl MCOBITaHUM BT/ A1 oXJIa>kKIeHU I
peanpHBIX 00bEKTOB.

ITocKONIBKY IIOKA He yAaJoCh HAUTH HHPOP-
Manuio o BT/, npegHa3HaYeHHBIX OIS IIPOMU3-
BOJICTBA 3JIEKTPO3HEPrUH, aBTOPAMHU ObLIU IPO-
BeleHbl [IpeBapUTe/IbHble KBAHTOBO-MeXaHMU-
YeCcKHe pacyeThl XapaKTepucTUK BT/ ¢ menbio
OLIeHKH IepCIHeKTUBHOCTH HX HCIOJb30Ba-
HHs B KayeCTBe FeHepaTOpPOB 3JIEKTPUUYECKOIO
TOKa. BBIIM pacCYMTaAHBl 3aBUCUMOCTH 3JIeK-
TPUUYECKOTO TOKa, HANlpSI>KeHU I, 3/IeKTPUYeCKOH
U TeIJIOBOM MOIITHOCTH, a Takke 3¢ beKTUBHOCTU
BT/l oT pacCTOSHUS MEXKIY 3JIeKTPOgaMU U HUX
TeMIIepaTyphl.

Ha puc.1-3 mpencTaBeHBbl pacueTHBEIe 3aBUCHU-
MOCTHU FeHepHUpPyeMOM 3JIeKTPHUYeCKON MOLIHOCTHU
Q.(d) Ha cornacoBaHHOM Harpy3sKe (3JIeKTpHUYECKOe

BT/cm?
W/cm?

d, MM | mm

Puc.1. 3asucumocmep 2eHepupyemol 3nekmpuyeckol
MOUWHOCMU HA C02Aac08adHHOLU Hazpy3ke Q,;(d)
u nomoka menaa Qp;(d) om wWupuHb 8aKYYyMHO20
3a3opa 0As memnepamypbl X0A00H020 3Aekmpoda 50°C
U memnepamypsl 20psiHe20 3nekmpoda 350°C

Fig.1. Dependence of the generated electric power at the
matched load Q,;(d) and the heat flow Q,;(d) on the vacuum
gap width for the cold electrode temperature 50°C and the hot
electrode temperature 350°C
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Puc.2. 3asucumocmp zeHepupyemol 3nekmpuyeckol
MOW,HOCMU HA C02Aaco8aHHOL Hazpy3ke Q,,(d)
u nomoka menaa Qp,(d) om wupuHbl 8aKyyMHO20
3da3opa 0As memnepamypbl X0A00H020 31ekmpoda 50°C
U memnepamypebl 20psivez0 3nekmpoda 450°C

Fig.2. Dependence of the generated electric power at the
matched load Q,,(d) and the heat flow Q,,(d) on the vacuum
gap width for the cold electrode temperature 50°C and the hot
electrode temperature 450°C
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Puc.3. 3asucumocmep 2eHepupyemol 3nekmpuyeckol
MOWHOCMU HA C02Aac08dHHOLU Hazpy3ke Q,;(d)
u nomoka menaa Qp;(d) om wupuHb 8aKyyMHO20
3a3opa 0As memnepamypbl X0A00H020 3AeKkmpoda 50°C
U memnepamypsl 20psiHe20 3nekmpoda 550°C
Fig.3. Dependence of the generated electric power at the
matched load Q,;(d) and the heat flow Q,;(d) on the vacuum
gap width for the cold electrode temperature 50°C and the hot
electrode temperature 550°C
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Puc.4. 3asucumocmp 3¢ppexkmusHocmu BT om
WUupuHbl 8akyymHozo 3azopa COP,(d), COP,(d)
u COP,(d) dast memnepamypbl xon00H020 3nekmpoda 50°C
U memnepamypsbl 20psiyezo 3nekmpoda 350°C, 450°C
u 550°C coomsemcmeeHHO

Fig.4. Dependence of the VTD efficiency on the vacuum gap
width COP;(d), COP,(d) and COP,(d) for the cold electrode
temperature 50°C and the hot electrode temperature 350°C,
450°C and 550°C respectively

CONPOTHB/IEHHE HATPYy3KH PAaBHO BHYTPeHHEMY
compoTuBieHuo BT[) u TemnoBoro moroxka Q(d)
OT PAaCCTOSHHUS MeXAy 3JeKTpogaMu d u TeMIle-
PaTyphl X0JIOLHOTO M ropsyero 31ekTponoB T, u Ty
COOTBeTCTBeHHO. Ha puc.4 nmpeacTaB/ieHa 3aBUCH-
MocTh 3bderTuBHOCTHU BT/ (COP(d) = Q.(d)/Q}(d))
OT PacCTOSIHHUS MeXy 31eKTpogaMu d.

[Ipu mpoBeJeHUH pacuyeToB OBIIM CAeTAHBI ClIe-
OYIOLIKe NOIyIeH s :

e MOTeHI|MaJbHBIN 6apbep KMeeT Tpalelengab-
Hy10 Gopmy;

e mupHHa 6apbepa paBHA IMHUPHUHE BAKYyMHOIO
3a30pa;

* He YYMUTHIBAETCS YMeHbIIeHHEe IIMPHUHEI
Y BBICOTHI 6apbepa KM3-3a HaBeJeHHOTOo 3apsifa
Ha IIOBePXHOCTAX 3JIEKTPO/IOB;

* 3JIGKTPOJABI U3TOTOBJIEHBI U3 OJHOI0 MeTaJlja;

+ paboTa BEIXOZA 371eKTPOHOB M3 MeTaslaa - 1 3B,
TeMIIepaTypa X0JIOoAHOro 3jekTposa - 50°C; tem-
rmepaTtypa ropsvero sjnektpoga - 350°C, 450°C
u 550°C.

Pe3ynpTaThl pacyeTOB IIOKA3bIBAIOT, YTO 3JIE€K-
TpHUecKass MOIHOCTDb U 3pdeRTUBHOCTL BT/ mpu
IIHPHHEe BAKYYMHOI'0O 3a30pa OT 1 0 5 HM 3HAY M-
T@JIbHO MHPEBHIIIAKT aHAJIOTHYHbBIE XapaKTepPH-
CTUKH TEPMO3JIeKTPUUYEeCKUX NPUOOPOB, a caMu

UHAVYCTPUA #65/52/ 2014

« low specific cost of about 0.05-0.1 USD/Watt, for
comparison, specific cost of cooling systems on basis

of compressors and thermoelectric devices is about 0.1-

0.3 and 1.0-1.5 USD/Watt respectively;

« environmental safety.

Up till now practical applications of VIDs are
restrained by absence of VID creation technology with
electrodes of large area and vacuum gap width of 5-10
nanometers.

Several years ago the firm Cool Chips pls offered the
engineering solution to manufacture large area VID
by sputtering metal film on semiconductor substrate
with their subsequent separation so that the relief of a
metal film completely repeated a relief of a substrate.
The distance between electrodes was adjusted by
piezoceramic ring elements. Some experimental
structure of VIDs with 20-50 nm vacuum gap and 1-2
cm? working area of electrodes was manufactured.
However, till now there is no information of methods of
gap width control in process of VTD operation, methods
of compensation of vibrations and thermal deformations
of electrodes. There is no information of VID application
for the cooling of real objects.

There is a lack of information now concerning
VTD application for electric energy production.
That is why the authors have made preliminary
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BT, MoryT OBITh MCIIOJIb30BAHEBL B KaueCTBe reHe-
PaToOpoOB 3JIeKTPUYECKOr0 TOKA B AHalla30He TeM-
reparyp UCTOUYHHKOB Teraa 300-600°C.

IIpu ydeTe BIHUSHHS HaBeJeHHOIO Ha IIOBepPX-
HOCTH 3JIEKTPOJOB 3apAa, HIPUBOAAIIEr0O K yMeHb"
MEeHUI0 IHUPUHBL U BBICOTHl IOTEHIIMAIBbHOIO
baprepa, a TaK>Ke yBeJIMYeHHUIO TYHHEJIbHOI0 TOKa
4yepe3 baprep, XapaKTepUCTUKHU BT[] ynydmaoTcs.

C 1L1e/1bI0 CO3aHUS BBICOKO3)PeKTUBHBIX BT/
60JIBIION IJIOMAAM /IS TeHePaTOPOB 3IeKTPH-
YeCKOTO TOKAa He0b6XOAMMO pPeIlUTh ClIeyIOoMKe
3alauM:

e OIlpelleMTh MaTepHasbl 3JIeKTPOAOB (IPOBOJ-
HUKU WU IOJTYIPOBOOHUKHU) C ONTUMAIbHOMU
paboToil BeIXOMA 3JIeKTPOHOB;

e OIpenenuTh QOPMBEI MOBEPXHOCTU U MUKpOpe-
nbeda 371eKTPOLOB;

e pa3paboTaTh TEeXHOJIOTHUU CO3LAHUS U IIOALEP-
JKaHHU A BaAaKYYMHOTO 3a30pa MEXIY 3JeKTPO-
OJaMHU B fUalia3oHe 1-5 HM;

e pa3paboTaTh TeXHOJOTMH HAaHeCeHHU s Ha XOJIOA-
HBIM 3JIEKTPOJ] C7I0€B MaTepHUasoB, yMeHbIIA0-
IIUX PaboTy BBIXOA 3JIeKTPOHOB;

e pa3paboTaTh TeXHOJOTHH HAaHeCeHHUS Ha XOJOJ-
HBII 3JIeKTPOJ CJIOeB MaTepHaJoB C 30HHOU
CTPYKTypOH, UMeIler JUCKPeTHble YPOBHU

quantum-mechanical calculations of VID characteristics

to evaluate their prospects as electric current generators.

Dependences of electric current, electromotive
force, electric power, heat flow and VID efficiency on
the vacuum gap width and temperature difference on
electrodes have been calculated.

Fig.1-3 present calculated dependences of generated
electric power Q,(d) at the matched load (electrical load
resistance is equal to the internal VTD resistance) and the
heat flow Q,(d) on the distance between electrodes d for
different temperatures on the cold and hot electrode T,
and Ty, respectively.

Fig.4 shows the dependence of the VTID efficiency
(COP(d) = Q,(d)/Qy(d)) on the distance between electrodes d.

Calculations have been made with the following
assumptions:

« the potential barrier has trapezoidal form;

« the width of a barrier is equal to vacuum gap width
(reduction of width and heights of a barrier due to
the induced charge on surfaces of electrodes was not
considered);

 electrodes are made of the same metal;

« the work function of electrons is equal to 1.0 eV, the
temperature of a cold electrode is 50°C;

« the temperature of a hot electrode is 350°C, 450°C and
550°C.

#6 /52 /2014 NANO
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B 3aIlpellleHHOM 30He MK 30HY IPOBOLUMOCTH,

pacrosyioskeHHbIe Ha HecKobKo kT, (k - mocTosiH-

Hag Bonpumana, Ty - TeMmepaTypa AbIPOK)

BhIIIe YPOBHA ®epMHU B XOJIOLHOM 3JIeKTpoOJe,

4yTOo obecrmeurBaao 65 pe30HAHCHOE TyHHeIH-

poBaHUe 3JIEKTPOHOB TOJIbKO B HHTepecyoolleM

Jyala3oHe UX SHepruu [3];

* pa3paboTaTb KOHCTPYKLHIO U TeXHOJOTHIO H3r0-
TOBJIEHH S 3JIEKTPOJOB M3 TEPMO3JIEKTPHUYECKHUX
MaTepHaioB, 06ecreunBAIOIUX JOIOTHUTEIb-
HBIH BKJIAJ, B 3JIeKTPUYeCKYI0 MOIIHOCTE;

« paspaboraTb JIMHAMHUYECKHE CUCTEMBI.
HeobX0ogMMO OTMETHTH, UTO co3maHue BT/

60/bIION MJIOMmAAKU MOXeT OBITh peaal30BaHO

TO/NBKO Ha 6a3e HOBBIX MJEH U COBPeMeHHBIX

HaHOTEeXHOJIOTHH.

Llenecoobpa3Ho paszpaborats BT/ 60/1bIIOH IIJ10-
magu C UCIIOJIb30BAHUMEM MMEIOLIErocs HayYHO-
TeXHHUYeCKOro IIOTeHIIHana B 06/1acTH TYHHeb-
HOU MHKPOCKOIIHMH, BBICOKOBAKYYMHOMN TeXHHUKHU
M CO3JaHUS TBePAOTeJTbHBIX NPUOGOPOB ¢ cybmu-
KPOHHBIMH pa3MepaMH 371eMeHTOB. Ha mepBoM
3Tale HpeAIlo/iaraeTCs BHIIOJIHeHHE CAeAYIOIMHX
paboT: M3MepeHMe OCHOBHBIX XapaKTepUCTUK BT[]
MaJIOH IJIOIAaLM C UCIIONb30BaHHEM TYHHeJbHBIX
MHKPOCKOIIOB; pa3paboTka TexHHYeCKHUX TpeboBa-
HHU K MaTepHaaaM 371eKTPoJoB, UX GopMe U Kade-
CTBY 06paboTKM IMOBEPXHOCTH; BHIIIOTHEHHe pac-
YeTOB Pa3/IMYHbBIX BAPUAaHTOB BT/l 1 sKCcIIepruMeH-
Ta/IbHAsl IIPOBEPKA BO3MOXHOCTH peajHu3aluu
OPUTHHANBHBIX U eH U3roToBaeHUs BT/l 6onbpmion
maomanu. Ha BTopoM 3Talie mpejroiaraeTcs pas-
paboTka TeXHOJTOTHMUYeCKHX IIPOIeCCOB M3rOTOB-
neHus BT]l, Bkato4yas pa3paboTKky cliellMaIbHOIO
TeXHOJIOTUYECKOI0 M KOHTPOJIbHO-U3MepHUTEe/Ib-
Horo obopyzmoBaHUs. Ha TpeTheM 3Talle IIpeAIIoa-
raeTcs pa3paboTka reHepaToOpoOB 3JIeKTPUUECKOI0
TOKa U CHCTEeM OXJIasKAeHHus Ha 6a3e BT/ 6obII0M
ILJIOI AT K.
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Results of calculations show that VTD electric power
and efficiency in practically interesting range of vacuum
gap width of 1-5 nm exceed similar characteristics of
thermoelectric devices and that VIDs can be used in
electric power generators in the temperature range of
300-600°C.

The induced charge on the electrode surface reduces
the gap width and the height of potential barrier and
increases the tunnel current - thus the main VTD
characteristics are improved as well.

Preliminary calculations show that VIDs can be used
as high efficiency coolers and power generators.

In order to create effective large area VTD for power
generators it is necessary to carry out a number of
theoretical and research works, including:

+ selection of materials for electrodes (metals or
semiconductors) with optimum work functions;

 optimization of surface shape and microrelief of
electrodes;

« development of technology of creation and
maintenance of gap width in the range of 1-5
nanometers;

* development of materials deposition technology on
electrodes that reduces work function;

 development of materials deposition technology
on electrodes with discrete levels in band-gap or
conduction band located a few k;Tj, above the Fermi
level in hot electrode for resonant tunneling of
electrons only in the interesting range of electron
energy;

« development of technology of electrodes
manufacturing made of thermoelectric materials,
combining the effect of electron tunneling and the
Seebeck effect;

+ development of dynamic systems.

It is necessary to note that creation of large area
VTDs can be realized only on the basis of new ideas and
nanotechnology application.

At the first stage we are planning to conduct the
following work: measurements of small area VID
basic characteristics with use of tunnel microscopes;
development of technical requirements to materials
of electrodes, their shape and quality of surface
processing; conducting of calculations of various
variants of VTDs and experimental test to realize
original ideas of large area VTDs manufacturing.

At the second stage we are planning to develop
processes of VTDs manufacture including
development of the special process, control and
measuring equipment.

At the third stage we are planning to develop cooling
systems and power generators on the basis of large area
VTDs. |






