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Abstrakt

Disertaln2 @Gr 8egr $d geé e pr bshuktkrydNS® S psrocutbdour -
tantal ovlichdpTeBHafaCptl s Tedku ddf dn@®moha$ov:
intervadmual TPzrav n2A a | as ov ] c hproedhbglapaoketleeana st i k
t Dc\nz @r wréce 2010/ r § mmead j @k abl § S sak ®d rprpbER0ES/ r § Mmaea | 2
di pl omov &t PpalBtcee experi mentech | asov® char a
vzrTstaly monotonnhR s | asem. PSik tzdett2k oa ®d I
proudu zrachc8d enORL & j s Bmhe pi s hial akifrea zZuns® i zkm [Wnoldy.
pSilogen2 naphRt2, jehodg hohnokavij eprbpotd k&Ep g
dobu pSiblignNepl @atgn21mM rhoaBikathens 2%iA Ct eapyl 08tOMA n
zalpnoe pol 8t el by mk p v ® hdeoscphr Sgnedta rkT,s t K§tnepro® §jt ek uz

l ine8rn2 funkc?2 | asu.
Fyzi k81l n?2 mo d e | t pBetpokjleavduu, v ygceh § k & s ozv ®
zbytkov®ho prouduypgouontTen¥Kl!l ddBmai ionty,

kysul ¥ kolantu a d &1 e z §p okrynsi|mikkutieorn® y sde izolamtwo | Ruj 2
pravdDpbdolkehOv® katody.

Kanallze tohoto jevu jsem zvolil modifiko
| ined z8vislost zbytkov®ho proudu. Zbytkovl
lo a parametremy, | asovoutfaddmset8amtzoluy § Kio v ®@insat peac ed u

c har ak taparametrens. § n

Tyto parametry jsou tmetyloalivpkizupe &piosile@ci B$in
z8&§vislost na tegl ojted. a kUtrgievzadmefuo aTaASi bl i gnh
Ea=05eV, uvzorku TaB3jea kt i val n2 e Ber @i, et 5p 2ivh | iMjmid S§d
hodnotu aktivaln2 -Bateds gp 8 EdmT,36vexbTyte kodndtp C
odpov2p@gév®m diagramu MI SpSsbitiuknidr ymeZi ovm
vodi vostn2zm p8sem. Tec hlovede dni eej ME RGP rmaiv yz v 7
zbyt kov®hpn§ypiroluadsitDvalnga? nteppd mandkt er T charakt e
zbyt kov®ho proudu na t®&p,| @hobnotajel-ataeg %sled0 | asov

Tuto zmDnu parametrT zbytkov®ho proudu |
antal ovTi c hg2khoanrdientz &n5ad\ IGTe pTl aokt ghet ¢z Svpzonrink@ ji2o p S
eplothD nebo p$iaspv@mpov® tep?toeNned phti | e
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Abstract

The thesis explores the leakage current degradation in-mstddtorsemiconductor
(MIS) heterostructure of thresetsof tantalumcapacitors (TaA, TaB a TaC). The degradation
is attributed to a longerm ion difusion processes. Studied samples were analyzed on three
separate occasions in 20ibOmy bachelor study2013in my diploma thesisandthan in2018.
Originally i first two testd the leakage current grew monotonically in time. The last set of
tests, however, shows an inconsistent and substantial gerataegradation.

Naturally aged samples show the following. Applying rated voltage and temperature
from 25 AQesultsoin de@ddeAs8 of leakage current in the horizon of 1 to 10 hours.
Il ncreasing the temperature al ofieakage @Crent, r es ul
followed by its substantial increase. The leakage current increase is directly proportional to
the time of measurement.

The physical interpretation is based in the occurrence of two types of ions. The
negatively charged oxygen atonas\d the positively charged oxygen vacancies. The oxygen
atoms are theorized to emanate from the manganese diokideea

Exponential dependency, modified with linear leakage current component, is chosen to
interpret the results. The leakage current igratterized by parameteks I1, and the time
constant U. The | inear dep &mMidimentioned pammeterdsar act
are temperature dependent. BbhthndI: evolve exponentially with temperature.

The activation energies of paramsteyand |, are calculated. For the sample FaA
the activation energy B2 = 0.5 eV, and for TaB it is Ea = 0.45eV. Sample Ta€lshows an
extremely low activation energi(a = 0.35 eV. Another significant parameter is the time
constant Uesthe time ddpendeacy of akage current on temperature. Values of
Ui for all evaluated samplds are in the range from $@ to 16 s.

The same parameter degradation soalbserved in new samples annealed long time
at 155AC. Pr es e wada sodrcesr & sneghtives ions prevalenceé in MIS
heterostructure. These are the natural aging at room temperature in excess of 5 years. And for
new samples exposure long timeroreased temperatures.



Studium eégradacéMIS struktur d s | ed ku di fuze i

KI 2| dowd

Tant &lomwle nzzb8yttokro,vizoprad md@xOymsgvace iont T,
zrychl en® st 8r nutttharakeAstkg.har akteri sti ky, I

Keywords

Tantallumcapacitor leakage current, B&s isolation layer, ionsnigration, annealing,
accelerated ageintrV characteristics,ik charactastics

VELC S EKM. Studium degr adac edfuddli SO nBp:r ukt ur
Vysok® ulen? technick® v Brni, Fakulta el ekt
84s . VepdroSocced f . Il ng. Lubom2r Gr mela, CSc.

VEL ¢ $HE.KStud of degradation of MIS structures due to iont diffusiBmo:
University of technology, Faculty of electrical engineering and communication, 8930.
Supervisor prof . CScng. Lubom2r Gr mel a

-V -



Studium eégradacéMIS struktur d s | ed ku di fuze i

Proh |l 8§ gen?

Prohladguji, ge svou SudiumedegradacenMIS gtruk®@rcvi n a
dTs!| eilzes ont TA j sem vypracoval samostatni po
odborn® I iteratury a dalg?2ch informaln2ch z
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bvod

Di sertal nz pr § c degraflaeparamet T o bzlbeyr®antoi WIS o udu
struktury tara | ovi ch koddeh eifiteairoht . TantalovIl kon
Tai TaO;i MnO,svisd ogen2m pSedstavuje strukturu |
kovovou vodivost a burel MnO2z j e pol ovodi| .jetve3ehal mmownf 2

pentoxidem tantaliia.Os.

Toto je pokralovs8§n? st udi auddue g rkatdearcmup ajrsa
zal al vMfinwiat sw® badlaloy®s kp®& §aedi 21 em t ®t o
degradaci izol al n2t rvit tbwywWwha pmbodyupaBamalloyv
po del g2ch |Jasovich intervalech.

Experimenty budou provedengs t ej nT ch vzorc2ch tantalovl
bakal §Ssk® a di prbce B0®@a®BpVEcTbNhwedy®vdoby by
skl angolab® r at 0 Si  p Si dpoogkl ooj owv @n itcehp | ko vl crha-zan ® ozl n
amp®rovich cTuaroakvwlerrazndwk .zmRDnu parametrT zl
pozoroval na novich vzorc2ch tantalovlich ko
155A CAbyvpr TbNRhu tRchtentnbvAedho ekpza Ranykkmoly ®h o
proudu, budunap m®&sedpdtovivniPe crBo5zAs@ Sl .
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1 PSehled sou|l asn®ho stavu

1.1 MIS Struktura

C2lem t®to pr8ce | e st u dd Tedku dfizgir ardtaT.e \Y
Tant al ov Ttor tkpa ad §aziSMNO,svIi m sl ogen2m pSedstavuj
kdlet ant ahod8 m8 kovovouMnDpjde vpaslt owo dhiulr.ell zol a
tvoSena amorfn2m@[dha[d]xi dem tantalu Ta

Na obr. 1 | e zn8zmrknDma MlyS opS8n2 nvhlaBie vy mi ho

jednotlivich materi 8l ech a tedy pSed nastol
elektroda Taje n a | jakaoiM, isolant T8O e z jakolapmo | ovodi | j.e znal e
M I S
1=3-38eV
E. W =5.6eV
E’F ---------
Wi, = 4.1V
EC
Eg=4.5¢v | “F777"7""1 Eg
" Ec=0.4eV
E,

Obr.1:Modelst rukt ury MI'S pr o tVgtealvdvwsit uanred epmr z8&te
Gj e el ektronov 8 a0 Ecijeterergé zzod k@M w§ ssu viyz olflaa
(TaOs),rspektive pol dwejdé | el tbwpmed uprr@8ce el ekt

Viznamni mi parametry mater i 8ntflughurelwa vIi st t
el ekt afmtada®@. Hodnota el ektr diddv@hearfdivlys tmupsr?
zmat air i gllektrod, abyvytevoSal yopbtantcdl ov®
el ektronovw® azZ8wiist?y nfea technol ogi i pS2pravy

6= 3,2 ag 3,9 @¥ccpr2epmpdoy Kk my s m@l[4]ckT Ta

Vistupn?2 pr&a¢odyektkt@emBeliemt vopSem8ohem \
vi stpmpgetleektamody .,z kter§ je tvoSendizotastat al em.
izolanti anoda, vznik j 2e npcoit§ | ov ® bar in@rrygireT 2m® ewnicd €Y .o vI®
burelema TgDs] e p SE.b L,7eg\h 122V a mezi tantalovoes | ekt r odou a i
vrstvou TaOsasiEa=0, 2 ag 0, 9 eV.
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Potenci 8l ovg bari ®ra vikaodao SabmE] eshaguSr oz hr
el ektronT zduk aat codvyl inveRugrnhoov @r bk d st k p bigee kjaeg ® o 1
poterc i § lbcaw § ®r a na iikzmlzahrtan¥ | rasnzomd@A ni § g2 neg p
rozhrarnRatiaddantze tantal owdvy €dndmnzg8pojepdu
a tio kplSadn®m napBwodPonpendnesehdzmeoldoij.e Anor m§|l

Tart al ov 1 kondenz§8tor pSedstavuje struktur
termodynami cki®obra) k@ovghyku potreaci8rbr& ndahi
izolant aizolaritp ol ovodi | [019]8B &rait@rdea naii zothn&a&anj ekoys

0,4 ag 0,8 eV ipodaovroadzHr gre? viyswmlkdnetaigteance Xk, 7 a
j e mogn® sdulj&ktok Kk o;madweqz 8§t or .

M I s
E
[e¥]
4.1 5.57
3.4
Win Wy
E
[ EC
EF
E, @
EE’.
b
E,
Obr.2: ModelstrukturyMl S pr o tantal ovi kondenz8&tor, pSi

Wn= 4,1 ag 4,2 eV je vistupn?2 pr O 81 sPa,nael

parametr echaamro di dk® acdhxwij e hodnot v r o0z me:

Esj=45eVie@aergie zak8zan®BDpWgr8§Sy 6i 20/ agrt wi sTap
el ek tbuelaB],[#A]a[ 13].

111 Technol ogie pS2pravy tantal ov®ho kondenz#§

Z8k!| dad € ml ovr®ctheon A8t oru j e anoda, kter8 vzn

|l zol al n?2 vistva je tv@OSenaKap emtaoxjiedkeimv o Saennt €
marg ani | i t2h exb &n ©o dmeremfCPp o | y

Viroba tantal ov®ho KaoghydeemessH.0rMgseNsg? §HES
tantal ov®ho konadediz&ltoktur ijkea, vikitoebr §| isset ®hroo v,
tant al ov®ho kostant oippbck@nveal mk ®hiog poachedinae
a tato velikost hraje velikou roli pou g i t 2 n zk8at nodreu . Vel i kosti zrn
veli kost efekttiayneTpnmPchegl lal cphpouzyin i tlougs$S
tant al achuGghwo paougity prondegsaBopnpaphDSa@amBnkokap

-4-
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vz8vislostirwal gatDiatdo w®@ho ppach e étadb eniobhal a v
zmDn a | 8stice ve tvaru koule se postupniD na
112 Proces thntaloo W& 0W?2 pr achu

Tant al ovIisnPrcehdgoksnden pojivem a pot @ se |
Ng§sl eenProvede slinovg8n2 za vy§idRODOMeAt€epl| ot
proces tak® odstran2 nDKkttetra® apaédm st oty, kter

Takto vysopk®@poegpl adywtbhd). zrTreamt B proces | e

zhl edi$SkKky tgdhot o propoj en? me z i IsiBtde jec € mi t
rozhoduj2c2 a mus2 blt stanove®® eSzpseument §
mezery jestadye|tD8lperdoit§ a nem§ vel kT obj e

L8 st i ce hapecht golivoovdel v pnapotge8y paoces anodi
bNhem kter ® vdzine lkenket rniecdpsd.iwantval @hodedt db
| §8znhN, kterou vDRDtginou tvoBackypedbraglfopesHa
teplothD okolo 85 AC. oKekaotvodi sechdoptape] e
tantalovlich | 8stic prachu.

PotzRal| nreocps ROE dielektrikd &t er ® jepohybB8enooxi d
vkrystaliek®SmSalgektermicRychmopo |l r Tstu je vel mi
paramégem aur | uj e vegker & ydalob&en®H as dn ensaepkiXtr2i k a
respektive proudyt kt et i uktragodilgdaosse mm 2 o lvj e
| 8stic a je proto nuota®genDnt ak av ® oehlgeikmstarpillct k2
konstant[na]. pTfotad naphRt2 se nazlv§g fryshlostov ac ?2
rTstu dielektrika, tizmm tnae,n ga&l eb undee YK cerk tr ostou
pd ovaddioll ant akouvaJay®o vi Mio® asttr ukt uSe.

Postup ovoSed?P|dgpv® ek attvooSen postupnim vs.
mangarmi la tjRhho termickIm rozkl| adduesrda kmma /it o o8
tak dal g2 vrsstvaewasaiedekt §ooRa0 tA_API] oDal @
proces jae aj ipg op k?omrt a k t @ pdknytd karbovgragtavau gastln O
kter§ zajist2 lepg? oddMdteny @d dobs®VYPropPH3 e
apl i kjake i&toda.

113 Kl asi ckT modelvtantzldevw®mpeau@tor u

Kl asi ceklT wreodden?2 proudu v kondenz§torech v
jsou defekty a trhliny,[1X]t $chematicky je temtamodet by t k o
n a z n aaolw.A.

Tent o model byl pSijat zej m®Ana prot o, ge
zbytkov®ho proudu skute|l nhambhpenmbBcBt mukt use

-5-
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Sezipgovs8&ohmoltegie a celkovim snigovsgm@ark hod)
ukazuj e, madel ndwywhovuj e. Nedok&8ge dostatel nD
zbyt kov®ho proudu na teplothD a na napDt?2.

MnO2
| crack

Tay0s dielectric T

\

Tantalum

Obr.3: K| a s finadéd Yodivosti zbk o v ®h o olaoiu d u v

1.1.4 Model struktury MISpro t ant al ovi kondenz§tor

Struktum MI S s n2zkou koncentrac?2 dontwmuT Vv | Z
v termodynamiclo®4rovnovsg8§ze je na

I'|.|'I|10,_)
Ta
Egig=1.7 +2.4eV Wg="5.6 eV
x=32+39
WM =4.1eV
T
i
i f// H ET= 0.4eV
E
BMI :
S e ¢
T
EGS= 0.4 eV
/ d

Obr.a:MI'S model t anz &atlobwahodkatddaur3d. e n

Naobr.5] e gueddmao d e | tantal ov®@iAaca kbondkemkx®nacrk & C
vi zol al n2 v rteasnodyRmi kk & rrfo\reows§ze
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I'u'InO?

Ta, 0,

Ta

Egis=17 +2.4eV | Wy 56 eV

il

Obr.5: MI'S model tmm8 tad row ®kawmbakroenldeyv o u

Dal g2 model |, pSedstMaBujstacu kk amden pStearp ojk
je zp Ts otrapspoateme | ekt ronT v pS2 mNssnu®mi zao | @b d 2 v ovsl
PS2mNDsnl vyiSsmlvazlnirkgvND v dTJedterdkwe vwaskokme 2k om
Tytovakance vznikaj?2 ivckh® ToXlihdia e ,0 creajygicachomdor o
koncentrace je #0a g Pr@3[3],[4],[21] . V an®m8§p»8&su izol ant
vodivostn2 p8s, ktesinpen pS§isetn, 8zeVapod, vad:i
pod?21 2 na ‘Vvemgleidy4]afblyt kov ®
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Obr.6:9 ogky z bpsoudkimh@h @ k §Fr eProlodleova, thonel ov§

Cel kovl zbytkovli proud v norm8ln2m modu (
z 8§kl adn?2 miskbup BoblgFrenkelowou a tunelovou. Be [ 9] jetSeba uvagova
j egtn | t vS3chotkyho prbud. ehematickyjsbuyt o sl o g kopr.6uvedeny

1.2 Mechani smy transportoje el ektrick®ho r
121 Ohmi ck® veden2 proudu

Ohmi ck §prautiup @k a voSena el &mirodyj, 2 ke ep 2 mlR:
pSeklbvim mechani smem O0Ahbppimhgiakmeezemijeda
veden2zm elektronT ve vodi vost nAlhn2p 8§t ua niszpool

el ektronT poimdac|2n2hovprpsitnglu pSekht z k ® ®brdt epotiet |

Tatos | ogka zbytkov®ho proudu je dominant n?
je tepl otenIT hza&vaikstle§& iaz ojv & nauimdnpockem p8Imles ®f

=G, (1)

kde Gwj e ohmick§8 rwadilvzoestpr oktme2 zkou 1intenz
definovat vztahem:

Gy, = Aenrfd (2)

kde A je plocha konderfzt oej e, el e me nnj&8kom € nh B8 b ong§ bnogjsei | T
m e pohyblivosdj eno$imafuSk &boj e a

Z mRSen2? vych8z2, ge odpor pS2 mnDsasma®ho p§s
10 agwloo M
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Anoda Katoda
Ta Ta,0; MnO,

)
B

Obr.7: Scltematickk zn8zor nhDn2? Traheppirng) el ektr
v izolaln2 vrstvhD pSi n2zk® intenzit

E

122 VIiv teploty na ohmickou slogku el ektrick

Hopping prob2zh8 tak, fpendh s e | ek aki z owgn @ho
vp $2 mNs n @mdru®hou a vy mNDRuUj 2ny.sTento enackanigmus vede f on.
kline§rn2 z8vislosti pftotu,dup Sial epnsyi | vooyceinv@kscth aj e
teploty. Tento typ evioekitwrosctki® meep g uml ateRjuj B
Vz8vi sl dsnhaimppXtcu doch§z? W&k azhabemubemkdal §2 e
meh ani s mu, Kkt er Tifrejkebvaodbw Schottkgho Wdivodt e

Pohyblivost el ektronT je tepl otenpBpsa kt i vo
vztahen 4]
e e _g
nﬁop = ’7$eXp8" ﬁEaH (3)

kde m | e par ametr pohybl zguss? e b e kvt zr do&énl Te, n
jednot hkahme miv, a d8l e je sl aboum?2frunnik ckl etse§p
Vexperiment 8 udluzj €§g8ovetr §8z8vpsbasdu nhyttkpl®
konstmmamtapfNt 2. Toto jeozBvi Ebodenz8t bddw®nwaodEt
mNSen? mTgeme url it aktivaknt aeetegiri vh@he
me n g2 pnoevg2vzhiBd PooléFrenkelovy nebo Sditkyho vodivosti. Obvykle Ize
ohmi ckou sl ogku u &owrd2e negpgtru,j e ehD gV prat an
neg .10 V

123 PooléFrenkel oxbhyskoy®ho proudu

El ektrony ve vodivogzeijdfispEduuukaepeyn®Se
pSmNsn®ho p8su iuzol amt o, pEsdem mphot uigkeudD t ®ct
vodi vost 2. Pokauw erearkagii2, donshau ebint znovu pr

-9-
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vdostd el nD si |l n®m el ek temak@tk ®cho podbdi exstivvebv@&npy 8§
kter®m pSegd®ou Kk

&

Obr.8:Emisee | e kt p ®nMNgn®ho p&su izolantu do v
pSes asymetricky s mrde mo befpmtogruci §1 ov o

Tento efekPooldiFaehk8&8mevim mechanies @&ihr onan
[9] [ 21]. PTsoben?m vnDjg2ho elektrick®&lmsd?2pol e
vpS2mNDsn®m p8&su asyamktt ¥ m& Xy lse 2 g e Myl geeknt2r otndr
zp a s tiz2 obr( 8). Tenb mechani smus veden? Zzbyt kov®ho
hodnot 8§ch elBxt0, t k®¢ PtogMVemkel Tv proud tvosS
d ogbhkyt Eov®ho prowhuwemFiStmamNtntenmgd nk ned nomi

Transport el ekt rdenF[r epnrkoesltoSvead njiecvtuv 2jme Ppoo p s !
| or = GpeU exp(bPF\/U) (4)

kde Gpr je vodivost PooligFrenkelova jevufrr je PooléFr e n kel Tv soul i ni |
z8%isa relativmuparmiougbe® ivzabdmal n2 vrstvy

3
b, =NEIPEd (5)

kT

kdeejee | e me n € B ® je permtivita vakua,ej e r el at i vzoldnu,per mi t
dj e tl ougSkwnakijzeo |tad mel[§ sedver gi e

Bar i ®r achog elektrop Sz pS2 mNDsn®ho p&§su do vodiyv
intenzitou el ektahui ck®ho pol e podle vz

e |eE
=— . |— 6
FokT\p e (6)
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kde eFprj € 8 A2 p@8lecdw® bar i er yFremkelad jevigeje k u Po
n 8§ bebdtrony, k je Boltzmanova konstanta] j e t er mody n abnpd ictdnBta t ep |l o
el ekt r i ckddhta ejp petméivitaizolantu

Oznmdlckoncentraci el enk2tm ommtomeje korwehiraceo s t
el ektpnang®nerget Pm®n®hadpB8BupB88&na vztahem
n, =n, G&xp(E,/KT) (7)

kdeEaj e a k energiek je Baltzmamova konstanta @ je tepbta v Kelvinech.

V. nagem pp E2=p0addeld = 16 kT dostaneme, =n.@°, takge vegk
zbytkovl proud pSi pracovn?2m naphDt?2 prot ®k §
1.2.4 VlivteplotynaPooléFr enk el o vhy t & lo grpudu

PooldFr enk el Thbeegeo uleipriotten D z[8]a[5lplyne:. Ze vzt ah

a- elf, - VeE/p §0
IPF:GPFUex@e(B = p}g
g -

(8)

kde hodnotagjer ozd21 vIigky bari ® y mezi izolant e

Srostouc? tepl otouosttedypravpdpeordoib®losd
ekt r amg2 mMNsn®ho p§ ou phcs uvssiPooldEt @Akel ova sl
proudu.

125 Tunel ovgyskog®ho proudu

Tunel ov&n2 elektronT je kvantovl jev zn§8m
pomnyg@ principy kIl ashi8zk® pfoy Bil koyw otuz rhyag § ®rpaig c
jeho energid 91, [ 15], [ 18], [ 16]. Pokud je energie elektmm u meng2 neg vIi gk
pak by se pdle klss i ck ® mechani kyakm@V®ebeki ®ogi odg azi
mechani ka v t akoRugne ppSr2Tpcahdodd neeluenkaddr 2 nkiv piStes v
mechani ky vgak je mogn® urolki8tzeau , prdev ddlipeldtork
pot ewauba I®s u At unel ov att fit. o iPataos djRgwwtojbenwoEs k o v §
a vigkou pSekbngwan@l batc®r kondmeynungdovabz T mo h
katody pSes potenci §ITo v(ovua kbaanrci2®r uv dpoS 2 vnold snol voer
dovodv ost n2 ho p&§su,dynedoo vpS2imo sz alkk antad aprgds una j a
PravdNDpodobnost tunelov8n2 je z8visl 8sena nap
zvyguje energie vad didWangt nd?ocjhd ep 8ks Tz efayiu kakne n 2
Zmengen? (redkatpdobaszolan@m y
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Katoda
I'uInO.__,
Epis
Anoda :.
T'ﬂ tz “EC
+]
: = Ems  |U
-+ @
-
N b b Ee
t, EF

Obr.9Zmengen?2 tlougSkyv pdTehed Bl oz Wl hpami G
hodnot yWnakap Ibtd2n .

Naobr.9j e naznaleno,tl pakSkae pofeyyém€gov®nbd
katodou a pS2mdDslogém? pEsemo tpd31.n aPlNd & g Ik an ab akre
el ektrony, kter® tumel| pj§%s uz iOg @ )@t yt uedddy@ppSS i m Nz
nadt 2 pi8lngqTunel ov8 slogka proudu jBtdgdbmhnpane:
je jmenovit®. VIigka pdantemEgsz §s0€@®8metrtiejhgrel e

TunelodljerpoapEl8ln rovni c?
I, =1,U%exp(- U; /U) (9)

kde Ito | e soulinitel twined jovéc®h o ngpr Wwjew u z  a
charakteristicks hodnota, tknet bwhdenziyap®t 2 .
el ekt rpolen&a @Mt vbobugr se pohybu2 Teunve lroovzgsnamd 0 va
pSibl2gen2 tepl ot nthumeelzo8w§ ssl ITo gokrao cperso, u dour ojteo

126 Schottkyhbyskoy®ho proudu

Schottkyho proud je ten pSechodem tepelm$PbagSes t ov :
potenci 8| ovozh rbaanrtizadénas nebdaanaila z ol ant . V reversn
upl abtanr2i ®r a naiTaOf z hw andr mMm&l n2 m modu | e t o
TaOsi MNO2. Vzhledem k  hodna N proudu UirFlr em@&ted onPijan | § e v €
Shottkyho proudawmedbam&l n? modu z

-12-
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Schottkyho proudsl ze vyj §dSit vztahem

I, = ART expae—o@e pae— eE g

: 3 (10)

kde A je plocha anody,R je modfi i kovan§ Ri char disjenova
termodynani c k § eFejpé ov B ®k g mar ir o zphorlaonv2o diizlo | (arnets p e k
isolant),k je Boltzmainova konstantéEj e i nt enzi t a kicep &t fedh®h & oy
n 8§ b @ je pamitivitaizolani.

Obr.10S1 oghyt kov ®hmoh mpir o ki€iFuenkelova,
tunel ovg8 43]Schottkyho

VMI'S struktuSe po nastolen2? termodynamick
vodi vostbBvihsoo Ipa8mstuu postupnbBbdBgbéBeoseanwvyguik?®
PSi ®n%kmokncentraci %xysktepnp®@l sl cvhbamivi sabat c
l' i ne8rn?2 funkc? vzd8§l enosti.roSmPidmi cvel st @ipm :
elekion T 2z tantalu a z amaéckodu$olaip ok atveody | ¥ eol
vodi vostn2 p8bs.10g aki®itwujjee (Swihoott kyho efekt a
v 1 gtkayr o RodnptueFs.

Sn 2?2 geattec® S8HAERFsiz®WVY s 2 nanziydl @ Ktorsitd k @®ma ep o |

DeF , =g & (11)
4p €
Pro intenzitu elektd Kk ® h oE ploMvVem'a r el ativn2 hodnotu p:¢
g= 27 vychbBat iD®FmHEenmeV. Toto sntgphpot PSi
kT=256 meV je pkbibtlalkimdd 2, 8%sl edku Schottky
asi 17,3 kr 8§t
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127 Vvt epl oty na Schottkyho slogku elektrick®

Schottkyho slogkastzdjynR EF®keo kifd @wvau sjl ® g k ¢
na t ergspektiveng epl ot nN e xirohechozvkatody dohvodwd ten2 ho p§s
izolantu Vlivem Schottkyho efekt doc h § z 2 ke sn2gen? haodnoty
rozhranikat acdd ambd vta2nn® enxacsiigd| ep Se&klmng§vaj 2 tuto
barui @&r sr avdd o pobnost 2.

Vprocesug2 h&8n2 kondenzi®lanurkh r dmadchiErez2 kil adnl c
vbekosti TepOiaMm@an&a t2m se zvyguje intenzita
doclg z 2 k e postne2ngcei n&l ma thboamti ce r yoonzthor amemdjl @BRdntu§ m
vdi skuznT oamB8ar akutheordiosbt@nk ¢gp?oh §lzo

1.3 Mechani smy degradstvg e i zol al n?2

PSi zvigen® teploth doch§zs2t uu ztbayrt tkaopvS8avhioc h
konstmamtap®t 2 vyvol §vak®ha? mpgckInen ewgrzt[la],uM5/]¢ Icenk t r i
[8],[11]. Zbytkovi proud pRiapwér| gade@Rit dgoinst @ n
sl asem, prot @ley ka is®0 z likawmda.2Kt b mat anfpr ocesu o
vdiTsl edku pohybusikiink®nhkieahck®mt folvi bl Xz lo Rt is
r oz hr arRatodazBorh anytt vt§ SR adredlsoc okfebwgmnegen?2 pot e
b a rying®tomtora h r.a nZv y g o v §ho proudubsyg pokoujepBr Tb Dhu ¢gi vot no
testT a zpoddukru ‘zyni kpuSd ksfupdt alzp10q [ 42]. vr st v
Zvigen2 zbytkov@haet pidemdu smSPi mod2 hénBj gvizhoor k
el ektrieck®&heo vpgoalk vysvnNDtlijvtvamtto Tgifeeppoendtt/@s e m,
Je tSebaSad®spS2 gasdVW ndlocahh §izz8ch krvTrssttw Skerhy st al T
takt ®) &m2 zwlyogtofwro v ®dhu , amgpél emeknduka&@Vang K
pSedpokl §d§8, ¢ge zul genhexbwpt @t @LEEHOD v®s At k

1.3.1 Degradacepr oudu vudifuZes loead K

Anal T za z§vihe praudutsonolb wt kcam® a |l ow ITprdueskk o n d e n
st 8rnut ? pSi zvigen® t emo pole Dedeak SvyiBrok,® gent lem
kladnTch iontT owhviPehRujp®ouBwiothd®s bt onfpFshbuj e
zvygovs8n?2l| ¢ £ pt logptpkdpaso ®b t o uau?jak fe avederm thabr. 11.
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LT7-U30p25-140nd.ep2b 5.4.2008

100

1/ mA

0.01 | | | |
40 60 80 100 120

Obr.1:Tepl otn2 z8vislost zbyt k2w@8+hWo proudu
(elek t r i c E®1,50Wicre)[ 4].

132 Zbyt kovl zBvsdwdtvi na | ase
Lasovs§ z8vislost zbytkov®h30Vjpmaobuu pSi p$S

LT7-U30p25-140nc.epc 5.4.2008
100

LT7 i i i LT7.03
Uu=30V:
T=27-120°C -

10 A """"""""i*"i ******************

1/ mA

0.01

1000 10000

Obr.12 L as®wsss | bbyt kov®ho tpe mludtulDdpEd®inp8mo st o u
naplt30V,[4]

Zbytkovli proud pUs=i30\p(BtenzieEred s BWcmn:ap Nt 2

1. Roste 3 ost ouc? teplotout oMDpekY 688§ESOTYek
vi zol al n2 vrad wdr tdwdhi§adnntkl kawd fianody ke

2. Kl es§8 pSi teplothD nadt dmtoo ACS 2¢pvamkddsikd/ o cOh4s
proudu pSi zdTglea®k U epd be Ma &wk Fiatedy.® o v
Tentop oces vgak net r pr@udbdrl zoyu hdkoosamSshtnaeyn t ké v Th o d r
pop® dal gt2ic hh oadsiin 8c h z a| npeS erdTcshto dofdnd opbSr? Ip aj
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133 Zbyt kovippooeaduvg2hgn?

Zbyt koviprpocoeusdu vg2 hg§n2 AECSia i eifelkoitzld tciBaRad 01
[E| >1 MV /cm, rostez po| 8§ t8run Nl isnee rsaredndmzFc 2a gpo Hobwnasi/ s
10h.vt omt o | asov®m i mtegr (vlakaneeklpadadk® sil 6 ku,
dal g2 ch pS2 mNs2) pohybkijgé reauailvesnti? kkgonkanoda
zabraRume pdahgfQu takge ossmlir niltcyet kzoSw@ehpd opro u

postupnni kl es §. ZB8owudlUosna zlbaystek oV ®kRo vy 8d.
exporenci 81 n2 rovnic?2:
=1, +1,(t- exg (t2)")) (11)

kde lo je hodnota zbytxv ®ho pBedduah§jlejne mhgdmé&na, sl
zbyt kov®ho proudu ovl i p m@h&h of}?teesphlagstonv?8mi k opnr s
zmBDny zbyt kovn®heo spawluidrui teeu  enxopdoi nkeBnkcoi &l ans2t i
charakteristiky.

Vpr Tb NP 2do@z22mi lgr aci i @t mtT , difukidkriilafdtn/T ¢ h i on
vel ektrick®m pol $owlimDrietme |k ee xkpadnmpedlahu §.8) B2  z § v |
vi ®t o f §zi blt2yg,2 Kkit.e ek8l asdeni®v iiuo nhr omad2n2u kat
z vy ¢ 8g gtadiént koncentracenid T . Tento gradient koncentr

el ektri ctka®&mu ¢@eldri ft dalg2ch iontTosmbBuermn |
koncentdmach kitoamdy dokh§z?2 ke kRDewdgbpstiBatody el e k t
avd Ts| edkkuy hSoc hoetvtiu kh eis8l oV @ kmapio®rey [ 9] .

Soulinitel z&wp asers diNslem? g2 h8&n2 postupnhD s
n= 0,5, kdymlidrrenm t k @) ek aGlddD d iviyu@A&tn®nod kat
vd T s | eatlientu kanecentrade20].

LM1-2

13}-1=400K AR S

Uu=35V

€ m =146 pA/s

B T e

y=4+c(L-exp(-(x/b)")
b=1.39E5, ¢=18.2, 1=0.905

0.2x10°  0.4x10°  0.6x10°  0.8x10°  1.0x10°

t/'s

Obr. 13 Ii t chaakteristika vzorku LM12 p Si zah8jen2 §g2hg8n2 na
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Na obr. 13 je lit charakteristika vzorku LM2 p S i zghBBeAzna teplot
[3J. Tuto z8vislost | ze3)sh@is oxiomo karth,3WxzAbbalo@m (1
exponentern = 0, 905. Zbyt kowvds tper osiidansee§mon ¥t ksumiDr n i
150 pA/s. TatomDr ni cpen p olkcdtBs18e dige tseh o, k ataddhy® hrommac
(vakance po ky<=Inztkubr,8nj2ejdaclhgy? mur azdvi Paglle v § n 2
soulinitele exthpneéndaird§d kjil2ze MEvusuwosj i, riftge ve
I ontdr essm ke katodD.

21

y=4+c(1-exp(-(x/b)"))
b=1.22E5, c=16.1, n=0.846

o f — e

1/ mA

LM1-2 ! ! !

\f - T=400K_____ . & L 4
R =100 kw | |

U=35V

0.2x10°  0.4x10°  0.6x10°  0.8x10°  1.0x10°

t/s

Obr.14: it charakteristika vzorku LMil2 p Sing@2thé&mlkPot D 400 K.

Na obr. 14 je vzorov T p r ITtbchanakteristiy gH8 n 2 viankal ov®ho
kondenz &t o epl| @b tbbudld ®(27Khod. Tut o z §vi s Imowatt | z e
vztahem (13) $ as ov ou Kk o h22tx Adsta@xponentem = 0,845. Podle poklesu
exponentun usuzuj i, ge uwi Poy emiaai §rldadht@oadnea s e post

zvyguj ekgnaentemnak ei[@laTnde pSedpok hBydapmp, e
dostatelnhD di owht®8 Idioth=Dbalh 2 &acnot N

62

Nbz02 -15d
T=358K
u=10V

58

I/ mA

54 n

y:a+c(1-exp(-(x/b)0.5))
a=51.6, b=1.16E4, c=11.7

50

1x10" 2x10* 3x10*

t/s

Obr.15 Lasow§tzgbwskavd@hdNbO kondenz§8tor u
pSi pSil oyeldPateph a PNEAHS K
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Nen2 vylouleno, @¢ge expoment®dgl pSew® nz§nv ikyl
i onMAO:kat ody do i.zdPkPal myy sweBtdhayta | asov§ z8vi
proudu pSi gresr§hsttow &ztbpy thkr o u d ud odbolx hn§lxk?o lai gk ap oh o d

Kdyg je souliniteln=6xpojne neka§gknéenraofuy ii solna s
pS2mo YamNDr n & i d dkonstadnyg nd) Diza/PMt ,Jetow odst at D Br owl
pohyo | oe@lek Tr v c k ®ra | pnoou hodnsztdad | f Wanstahty] 9].

ObdobrnoR epsy p rnob?xhiad ?v Tichv kondenz Stnar ec h,
obr. 15, kde jsou barT ®niyg gzrzon gag myOsviosa tviRg Taa

n8sl edek, ge zmDnyd Tab yetdkav Ghoohzyglua ui iAnCsWr svt v D
prob2haj?2 jig pS®hmi[@d@lre i ntenzithN elektrick
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2 C2 diesertaln2 pr8ce

C2z2l em ¢i s pr 8 a f@lyzoyae degmadaci struktuy MI S tantal o
kondenz@&@T®l gd kw di fuze lehtzPyt DPeyg®laeidepea o p @
sledov@photvtn2z2m rb225AREADBEAC aap pSNaopg8&kPadh:
toho bude amashyszeenS prmedh ai vl envzitepl|l et gkiari
na jednotliv® slogky zbytkov®ho proudu.

Zbyt kovl paserth zp2oH8n2ku kles§ podidrobut akyg er
vtomt o | asov®m i nterval u klnasoghrai?n tkeinizaodtaa | re?l e k
vrstva PotomdocB z ¥ Tkt u zbyt kov®ho pktoardiu.| sT@rmaop g 20 m
novlich | aboratannatbvivzhddldtd®EngEZhaeftbt Da
155AC. Détlaentppdkovia h ddoséd ém Agudrecihchg par am
z b y t Ho prou@lysemanalyzovavr § mc b asa® IS Pk ® mo ecapSpdSdev 2t |
ag sletggmos!l edn2 mnDSevtetechz0sle8m agV gWetBhu t® doby
vzor ky s kil aabdoorvasStnoySiv eppSio tpto kao jdoovgeh k| asd o alzoi® 2
avoltamp®r ovich charakteristik.

PSi anallze twyhoh&z ejtevzu |satsdouvz byt kzoSw® hsd o
mNSenT chccplBthed it n2 m rozsahu 25 AC agSilt2/2 fC.
zbyt kovli @pTe®luedku kit P kovtckatakapozvolna nar T¢

KanallTze tohotodjkevkowpnraw?2exponenci §l n?2
proudu bher Babeaemaekadolpil méd8r n2 z8vislost zbytko
je poobm charakte o v 8 n p alp apaetetremllny | asovoutak omart pntt Hru?
Zzbyt kov®ho peoudovgeoSparakmeéetrem

Budu analyzovat s m2?geini2addeavdiT®&1y dka poihr
tohoto rozhraatop®&fnkogwll®dhkhovIkancz2eplP$SIN way:
vsi l n®mk®megoli cddofuri®x? dhehdb? ¥akDrem ke kat
vyt vegs:? | ok §1. M0 paeloev K tiewiRaiki & opsd| epot enci 8§l ov ®
hodnot u z b ydtuk o vDeghboa apbryodue dif§zeionvt ITi vna VA char akt
Zzbytkov®ho proudu
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3 MDSen® vzor kyaramramRS2 c2 ap

31 MNDSen® vzorky

Tantalov® kondenz8BDBgnkP psdhekloomdeihM §jt ok ¢
rTznT ch wduzder ¢yfu, D(7,8 x 4,3 x 2,9 mm)MnO, katodou a rozsahem
pracovn?cib5t @mpl ortl 2&di AZ®.1 aT InluaySesatdpeSe d po k| adu
ge f or mowajce tnraopjint &s o2bhkoe nmUanp@hMan 8slonu| i ni t el ar
oxidace a = 1,8 nmby, takge $goku8datt,l oggg Sk a i zjel al n2
d=190nmVzor ky jsem oznalil |jako:

TaiAT typD 15nF/35V
TaiBi typ D 15nF/35V

TaiCi typ D 33nF/35V

32 MRPS2c2 aparatur a

PomRSen2 psbemmpéaw,? lkatparaut uj sem sestavil
zprao v § v § 2 ps w@o [ ®]. prJ®eae § senao mdBama&tVWArauss ov i c
charat er i st i k pSi. SkV§ ¢ 8ecd(EQO&FLL dirmy) BMT Medical
Technobgy), pol 2tale, mul t i met ficwt, h oeavpaS&djprdj ¢ kc@ tho  z
propojenzavbBbgokdc ostdh2ondpd8Ft sSic ha®onear aatpuarrya.t ur
obr. 16.

Samples

r=—=-- - A [
Power Source |

Load
Resistors

1
1
|
1
1
L=

Obr.16:Sc h ® ma apafatdy? c 2

MRSen® vzoskIpeis okut eurm® dipuhodd Ddo oas at t epl o
300. ABaphDt? na vzoltimetemAgj eesn2 m8030M se t S
kartami, zni chg kagd& pm8c RAKarsastlu[r,ra je nap8jena
zdroj em st egmsimrdilenh Bb4C Peo, multimet a zdr o] j sou
propojeny pSes GPI B/ USBtreas ®h rzaanj2i gAaijlee nnta s8 2
pracovn?2peceiph DA pnog iemd sp B a mN Seultirietrthdo BG t  z
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MRNS2c2 ma ogovaym Srg@&imikSenT cdbadrbhpdmant akt er®ast i k:
voltia mp ®r ov ®

PSmNSen? \Meksticseaejppek na zdroji nastav2 pogac
Pot ® se®m@asoa®an M, n thelYhvearh uk t er ®ho sehnapiD$8i 2n
se postupnhD wHp2inkeh®8ljyedmartumulKagrel m sepnut2m
multimetru i vede napBiDt?2 na jedmoms ez ag Nemudlatceé mn &
zatNDgodpotmmo kterT odpowedw$§s xblyd sktokvd@®inu Tpa k
hodnoty byt kov®ho pr owrdouz sadwl Snatpkddiyt® 40 V, kter®
skrokemv rozsahuJ =005Va g .1 Vas pot Sebnl pro ust &l en?z
krokyjez §vinaRG konstanthD mNPSevEgné&€by Eddv SmaSe n
skrokemZt=10 s. MM8ew epproo m2Tw r204z sdagh al 20t Ngov ac ?
odporechR. =1 800 KWV,

PSi mhNSen2? | asablyc¢ koo ®aena pivjemidav i kpogadov
napbDt 2, na kter ®m m§ belpp zaddBBehZaspv@OmMEBdRNANer
odd 2t aj 2 hodnoty naphbDt 2 na zat Dgovaaud c h od

kondenz8tor em. Visledkem mhDferodu | ktlé¢asdseonv § z
roste vlivem itzaolnas|pmbybyros t@oem3y provg§dpPt kon
je tSeba zvolit zatRgovac?2 odspoapr! itkaokv,a naBhyo snpat
T2mto zpTsobem, se ml)Sam?o @l kayshoa g nz& v hsa roaskt
z at 2nipeuTttbou

NapSpkKli pdm thepFB6¥a zvml 2at®Ngov aRc=21MV,edpor u
na pol §tk$i mDSwukovI®mAn a piavzdrkus n 2 § €W010 mV.
Kdyg mdb®hu mbB8@®nz &hasl|l osti Vz50oks,t e etnanmnat poltp?r

kondenz&ttgreud =5 mV.Tatio hybu povaguiji pro pot Set
pSijaTemnmnouz pril2s odd prdvé2ed & oanpdl ei nkz88 tno®rnT zvapoj en 2 .
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4 Experiment8 1 n2 | §s't

Anaé¢l degradace izolaln2 vrstvyl|l dlant@Ahowvat
vr § mc i sv® divpbomoR®1lpBpr g§€elem t®t o pr8&ce byl
visttyyaz mDny parametr T tantal ovlichekaehdenz8tor T

MNDSe,rerk@ budu utv®W®dt pmyok, vbyl gh pvouedeaol
tantal ovi ch ok ocncdae npzlBttiorolfet edddhl 8( tpajd[yB DM 9 ) t ® V d
byly vzao ky skl dchdbw§rmayt o6i 3D mo kdooj gat Vo® auz ar@il czhm kn
volttamp ®r ovich i | aitsiolw ] cAr e hp$ &kt endliiongiit t,o daPwo o
mNSen2l o, nbwdu n owa& prefif@® gal2TaBazTaCa |

ZpTsob mpsacsdvVgEmSadbBvdruhlTch, VA a | asov
prob?2hanld joebkdoo bp T vroodcne? 2ndiS3e.n 2D, §via & bibStegettmvzs d Nt
20182019, tak kperdcem8§mhrakuBOk3t er i st i k z

Viznamnou zmBDnpgempbapbpakvati sitai K a netcahl ojvil¢c h
dS2ve, kdyed®v§sem mibite fempetature Dependence of Leakage
Current Degradationf TantalumCapacitors at High ElectriField[ 17].

80 0.5 1.0 15 2.0 25 t/h

IS1-1, 1S2-2
T=155°C
'R=100 kw
U=25V!

0 1 1 1
0 2000 4000 6000 8000 10000
t/s

Obr. 17 Lasovs8 z8vislost z{HdaIlSRov®ho proud:
nat e p ToI155A C a W=a2p 0.t 2

Naobr.17 obr.18jsoul asov® z8vi sl osti zbyltl22da ®ho p
IS437 po dl oudob®m tgeThladitsb mBEe@®Vhap Nt 2

Tytoex peri menty byly provekemdgenza&kttd®ge cnha st
MnOa na namhRSenTch | asovich z8vislostech by
nejprveni gohkB8®2 khoovderhoot pgp dabbugckilb00 5 1500sa pjod j®2
pomal ggg¢vomM] gt
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Vexperi ment®rBg8tel|l §egtbudu vBDnovat

popi su

1

s e pokus2m vysviRDtl dif umnteteTstrekioSieMIS pdsbakay®ho

konenz8t or u.

50 5 10 15 20 25t/h
IS4 - 37 : : = 37
T=155"C | :
R =100 kw
] - — S N S—
€ | | y=a+dx+cexp(-(x/b)"),
= i a=2.11, b=4298, c¢=2.35, d=3.50E-6,
i n=0.609 3 3 3
3R bomeeeeeod R e -

0 0.2x10°  0.4x10° 0.6x10° 0.8x10° 1.0x10°

t/'s

Obr.18 adwv 8 z8vxbgt bevd®h ov po-BMUT | S4
na tdpl b6& WA&p-NR3\2
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41 Lasov® char aktkeorvi®htoi kpyrpazupdyddhw st 8r nu

PrTbNDh | asov® chaocagpteudstijky mpgnp®k ow@hD
kt ekror espondaj ¥ TanldmilBmmye crhiagiraakctee rki@onndteTn z §t o r
bNDhem mNSeén2 prob2haj

Prvn2hamesmus zpTsmptulk @v Ghogkd Heb2ediu§zvi mnNS
| asov® charalktvaMdipotdiolbbyn Na zp&ds plben kaiodyrda c 2 z8
izolantu.

DruhT nmewshanp BsSdb utjeep!| op dmala® HAWYALov E§n2 z
prouduvpr Mibu cel ®ho mBBen2 magijaedd pRlkadrci2c p oi &y
vizol antu asmidolkmy gaj & intenzitu el ektmai ck®hoa
kat odydoac hkzfk | esu bar i ®Oyi znod arn oikaih dvar nszkevima m
zvygovsgn? zbwtkov®ho proud

Vr §mci nN8sl eduj2c2ch experi meman[i ssney pzo&wuis
nal &st epl ot a pSUJeoden@mmiddhlisie.nktprrodved!| na
r Tznslocuhbor ech tant gl ovich kondenz§8tor

4.1.1 Soubor TaA

Uvedu nejdSxpervinehe8kH2amove®l eduviSl2ost i
proudu vzorku TaA2 vrozsahu <0;5x10s > (cca 14T=h)25H SAC.tepl ot

TaA-2-Up25R100k-100s-35V-na-s1l.ep
0.275

0250 |+ -R = 200k A—

I/ mA

0.225 |-t S

y:a+dx+cexp(-(x/b)0'5) ‘
a=0.203, b=250, ¢=0.0783, d=-4.56E-7

0200 e e 120.203+0,07836xp((x/250) y

y=0.203-4.56E-7x

0.175

1x10* 2x10* 3x10” 4x10” 5x10”

t/s

Obr.19: Lasovs8 charakteristiakhd zbyt kov®ho
pSpl od&eN25 ACU=a35Napht ?2

ZnamhNSen® zodrvlOey pk Vv § n aygrezsahuwasil<® 600Gt sse
projevujedo mi n apoklies firoudu @ T s | e d k uz §npiogrrnal cegantaluom M rTe m
kanad D, c o tpmtoleadseo w®mM vieazsi®mw kvi gen2 potenci §I
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vl as®aow rozsahu “s500p0r;0j BxL@e dowhi viejthani sm
zbytkow®h o p fvaamtbp S2 padnN dal §?2 plokeéicls v¢ RaKot |huojdin
pomal ® saenéedraceosrn 2d o v | &wizoharduk a n ¢

Lasovou z8vi sl asnaocbrzlBly £ k b e @ knoar pdevblo ¢silto gk y :

1. Exponenci 8l n2 pokles tahbyt kov®ho proudu
I, =1, + I, exp(—t /1) (12)

2.ZmNDnu holytok ¢yv ®h o oudze smlliSie n &n elrasuov ®m r
aproxi movatokthe8rn2z z8vi sl

Ip =1, + 5t (13)

kdelpalij sou parametry #zbey tlkaosvoRvh&Sjkpor sosafilaunt a e
| sov® zBWwy sk mpauduh o

Prvn2 slogka | asov® rzewrildJ2o0sei zphaonaknar i
z8§policchnptadl N p o dokbtedyddo izolantu. Tyto ionty buddfle o z na | akw at j
Ar y dohnt® fk tpeflrs®@ b p a2 sPhyt pebiudem zapl nhRn2 obl :
prostoroy@hman§gl kharteord?2a,i zzmlganvtede bear z ®F ge m?
tedym12 gen2? zbytkov®ho proudu. i e epShdo@BchAanAs mt

Druh8 sl ogKkialosti| chasatteri®veiz §vo (M3 2 je zpTsobe
sni govs8&n2m koncent rizmlantu migradedSopvol rcnhi cvha ki aonnct 2T . v

D8l e uvedu | asov® cproadpéepEdudibe ACzhgt LAY

TaA-2-Up45R100k-100s-35V-na-sl.ep TaA-2-Up65R100k-200s-35V-na -s1.ep
0.55 : : : , 1.6 ‘
TaA2 | | : ‘ TaA-2 | : : ‘
T=45C | ! 3 o TaA2 T=65C ! 1 o TaA2
U=35V : : ‘ U=35V : : ‘
R = 100 kw | : | | R=100kw
0.50 |- R 3
: 1 ' o5 : L7 . N S S
< yia+dx+cei<p(—(xlb)_ ) . < \ ' y:a+dx+cexp(-(x/b)0'5) |
£ | a=0.418, b=1250, ¢=0.0842, d=-3.79E-7 = a=1.24, b=8629, ¢=0.296, d=-8.91E-7
045 [\t P y=1.24+0.296exp(-(x/8629)"°)
! y=0.418+0.0842exp(-(x/1250)>%) ! S
‘ | j o — . S B
040 |- e——, a y=1.24-8.91e-7x ‘ e
y=0.418+3.79e-7x 1 1 1
0 1x10* 2x10* 3x10* ax10* 5x10* 0 0.2x10°  0.4x10°  0.6x10°  0.8x10°  1.0x10°
tls t/s

Obr. 20: Lasov® char akpreaduivorkuTeAR2Z zbyt kov ®ho
proteplotyT= 45 TA C6 @a A ap=I35\2
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TaA-2-Up85R100k-200s-35V-na-sl.ep TaA2-Up105R100k-200s-35V-na-sl.ep

3.0 6.0
TaA-2 | | TaA2 | ! !
T=85C 3 Pl Taa2 T=105C ! | T TeA2
u=35V 3 3 55 F--R =100 KW-- oo b ]
27F-R=100kW ¢ u=35V; . . .
y=atdx+cexp(-00)* | sofb ]
< 1a=2.00, b=1.98E4, c=0.589, d=-1.70E-7 < y =a+dx+cexp(-(/b)”%) |
el S e = |a=4.14, b=5801, c=1.84, d=7.54E-7
\ | y=2+0.589exp(- (x/l 98e4)>%)
21} . S At
e m— - y=4.14+7. 54e 7 : y—4 14+1 84exp(- (></5801) %)
y=217007% | S | |
1.8 : 35 ; ; ; ;
0 2x10° 4x10° 6x10° 0 1x10° 2x10° 3x10° 4x10° 5x10°

tls tls

Obr. 21 Lasov® char albpreuduivaduiTdd® zbyt kov®
pro teplotyT=85 A€ 405 ACU=m3BV.napht?

TaA-2-Up125R100k-200s-35V-na-sl.ep

15
TaA-2
T=125C o TaA-2
U=35V:
R =100 kw ‘ ‘
A3 - oo
y a+dx+cexp( (x/b) )
€ a952b2926c491d790E6
Y y= 952+4 9lexp(- (x/2926) )
11 +-%
y=9.52+7.90e-6X |
9 1 1
0

0.2x10°  0.4x10°  0.6x10°  0.8x10°  1.0x10°

t/s

Obr.22 Lasov8 charakteristik-2a2 zbytkov®ho
proteplotuT=125AC na UFr8%VDt 2

Vhn8sl eduj2c?2 tabultad jzdapokdorwaRrmkl iy Bbig2a r a me
pro vzorek TaA2 pro teplotyT= 2 5a 4G AcC.

V rozahu teplof=85 AT= ayy05 AC doch8&z2 ke zmDnDN
Vtomto rozsahu teplo zal 2n§ tdaok®pet ukkl adnT chu)i ontT
t alktiyfek ov 1 pr mstade 2r odsotbeo us g2 h §n 2

V4

1. Z8vi sl ost Zzbyt kov®ho promadac? nAr rtheepnli oof
aproximace

= 1,exp(E, /KT) (14)
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kdeEaj e aktival n? ener gi e. vhieegpakrdosnemec k o u
vy 8§dSen?l,p okldeet parkotpilvaat]2n 2v zetnaehr:gi e

E, =- m®.2leV (15)
kdemj e s mAr $10 € S dog(h)ivsc POGOH .

Tab. 1 Hodnoty par ametekT zijbe dpkondu ®iowkocek sl o¢
TaA-2na ndEpIBWV?

rd

Tepl ot lo/m S/ mAst 1/ mA Uls
25 0,203 -4,56x10’ 7,83x107 250
45 0,418 -3,79x10’ 8,42x10? 1250
65 1,24 -8,91x10’ 0,296 8629
85 2,00 -1,70x10’ 0,589 1,98x10¢
105 4,14 7,54x10° 1,84 5801
125 9,52 7,90x10° 4,91 2926

Z8vi sl ostlglpasSnameéetepT ot N | e v2ycnhe semra8 znca?2 cnhs.
byl o mo@ak®i val neg enbygkelyvaplh osaonue ttryTt oz t epl ot n
vyneseny vd)vsddOom Aktvad (n 2 ener Bame21lm, kdempjet om
s mNr ns ccwe$S avd n il vs. 80B0/TI. 0 g (

TaA-2-U35V-T25-10.epa

10 g ]

sl NG
= TaA-2-U35V-T25 | | 1

02| N N ]

2.5 2.7 2.9 3.1 3.3 3.5

1000/ T K*

Obr.23. T e p | ohdraktéristikgparametrdoz b y t k o audlvaorkypTaA2
na ndpPpIPpVAKti val n? dralejeEg+®42¢evar ame
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TaA-2-U35V-T25-11.epb

I /mA

01} N
= TaA-2-U35V-T25-1, :

2.6 2.8 3.0 3.2

1000/ T K*

Obr.24Tepl otn? <charaktbyt E tautubvaonkupTaA met r u
na ndpIBVAKkti val n?2 eolejelzg+®Pg/ar ametr

TaA-2-U35V-T25-S.ep

0.75XL0 - b
TaA-2 |
U=35V
0.50X10-5 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
i
[}
€
I e Rl R B ARaRREELEE
. ® TaA-2-U35V | |
0}- 3 - 3 - 1
" l \ll/
20 40 60 80 100 120

T/°C

Obr.25Tep!l ot n2 tikapaeamenlSz ey i Isov ®h okugaAQudu v zor
na ndphN838 V, kde mezn? teflota, pSi n 2

degradacpar amet r T kojna evipye®Bd4C rnue g

Kpohy bu i eadatnTt uv doch$iz2t eploesIdCpapdSi pSilog
napllt=235V. Par amet r yz 8tthocrhTt on ekdoengdnear@ e lp 2 nip &g 2 ctf
T= 89 AC Ua3:\a.pnhr$i sn2gzarrk un agpdlt 2v ynaujve t ep
nede h § degradac par ametr T kondenz8toru.

Aktival n2 ener gi e prqaul avaaku TaA2 e B.y 0,42@W. ® h
Aktival n? enérjighae Pab@metVrru Ob&Nndrygioe adkdpg ovaz
vp §sovalRym admu MI S st r urkl umeyz iVanpo&2nmB sHiShi dd ti g2 m p
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Z8vislost parametrd pBetktdE@Mélcphr oudu n

Vr §mci X perjismen proved.]l na stejnlch vzor
teplo a naphRt2. Prvn2 mRYEmchr.2fsedrph® enddISed? .
2019 (viz. obr.27). Zviesdk T anal Tzy vypliT wm8,s doké# ¢t p@doga
zmnDnDNDow®| aksonst antyc2chpolkeé®r izhbwjt2k ov ® T sdgr ou
zbyt kprouBtheow r vn2 m a druh®m expatiemaehtujp8i hlei
na n8§sl edop tMI®Scehn 20 bsrt8z n®ho -t iz o Mg 2@bra@6ad o b N
Parametry aproxim& 2 0 b o u sop shindydtdbglcetab. 2.

TaA2-Up105R100k-200s-35V-na-sl.ep 21.6.2018

6.0 ‘ ‘
TaA2 ! ! !
T=105C! 3 3 o TaA-2

B s S

L T .
! | y=a+dx+cexp(-(x/b)°.5) |
' a=4.14, b=5801, c=1.84, d=7.54E-7

I/ mA

A5 N SR
o N .
y=4.14+7.54e-7x ! y=4.14+1.84exp(-(x/5801)".5)
35 ‘ ‘ ‘ ‘
0 1x10° 2x10° 3x10° 4x10° 5x10°

t/s

Obr.26:Z8vi sl ost zbytkov®ho A2 oulhiemadgpased pp Di
T=105 AC a pplUESxVeMI@re nt | $Xrb.2p18oved

TaA-2-Up105R100k-200s-35V-nb-sl.ep 26.7.2019

4.0 ‘
'TaA2 | !
' T=105C 3 — TaA-2
380----------+R=100KW---------- -7 -
lU=35V | | |

T R e e
y=a+dx+cexp(-(x/b)°.5)

I/ mA

N a=3.12, b=3.77E4, ¢=0.902, d=2.91E-7
34 SR AUEEEEEEELER R

B b e IS

y=3.12+2.91e-7X | y=312+0.902exp(-(x/3.77e4)’.5)
3.0 ‘ ‘ ‘ ‘

o

1x10° 2x10° 3x10° 4x10° 5x10°

t/s

Obr.272 Z8vislost zbytkov®ho-2pmhdheup Sja Hisapleo tph
T= 105 AC a pBiEdodemiddibemap2h.tBRA8. pr ov e d
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Tab.2:Hodmty par drheotvr@h oSlpy st §unpt2p &i vEeov kaum
a druh®m mhNDSen?

MNDSel lo/ €4 ls/nAst 1/ €, Uls

1. 414 7,54x10° 1,84 5801

2. 3,12 2,91x10’ 0,902 3,77x10

Po dobmN4d38cim2 giel as h o dunle 2 kodngiyh = &,4denA na
hodhotulo = 3,12mA hodnota parametrli z1,84mA na 0,9027A, =z at 2 mco | asov §
vzrostla zhodnoty 5801 4tj. asi 1,5 h) na hodnotu 380 s (tj. asi 10,5hZt oho j e zSej
ge htoydnmar ametopfudejbyt K§ v ®BIVvB®rkn.a hi st or i

4.1.2 Soubor TaB

UveduvT sl edek experiment8ln2ho sledov§gn?2 !
vzorku TaB3 vrozsahu <0; 5x10s > (cca pll4athn 2 H IkC t1®®g AC. Las
charakterist kK y z by t k ojso®uveabery paolor.28haupbr. 31.

TaB-3-Up25R100k-100s-35V-na-s2.ep2a 31.5.2018

W [ e
T=25C : :

u=35V

0.20

R=100kw | !
015 === -mmmmmmmmm o

| y=a+dx+cexp(-(x/b)’.5)
1 a=0.0823, b=442, ¢=0.100, d=-2.44E-7

I/ mA

T S T
y=0.0823+2.44e-7+0. 100exp(—(x/442)0.5)

"
T
| R

y=0.0823-2.44e-7x |

|
S | o1 0

0.05

0 2x10° ax10* 6x10*

t/s

Obr.28 L a s o arBktedshi ka zbyt kov®ho3proudu vzor
p Sdpo tTIF 25 nah@ pED%35 V.
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I/ mA

I/ m

0.60

0.55

0.50 |

0.45

TaB-3-Up45R100k-200s-35V-na-s2.ep2a 4.10.2018

TaB-3 !
u=35V :
R =100 kw i

y=0.467-1.67e-7x !

0

t/s

0.6x10° 1.2x10° 1.8x10°
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2.1

TaB3 | ! !
T=65C . . ! 0 3

U=35V ! : : |

19 b R=100kwW ‘ ‘

)

I/ mA

Tab-3-Up65R100k-200s-35V-na-s2.ep2a 14.9.2018

0.2x10°  0.4x10°  0.6x10°  0.8x10°  1.0x10°

t/s

Obr.29 adw ® charakteristiky zBytkov®ho
pSi tdapl d6FédK658 AC H=364. napht 2

TaB-3-Up85R100k-200s-35V-nv-s1.ep2a 14.3.2019

R, =100 kw ;
y:a+dx+ce><p(-(>‘<lb)°.5)
! a=2.69, b=7217; c=1.62, d=6.20E-7
,,,,,,,,,,,,,,,,,, i,,,,,,,,,,,,,,,,,,,j,,,,, smemem o)
0 2x10° 4x10° 6x10°
t/s

Obr.300 Lasov® charkaokt®ahroi sptri@@gd uz bvyz or k u

5.0

4.5

1/ mA

4.0

35

3.0

TaB-3-Up105R100k-200s-35V-nbh-s2.ep2a 26.7.2019

y=3.14+3.55e-6x

TaB-3
T=105C
R =100 kW

Uu=35Vv

y:a+dx+cexp(-(></b)°.5)
a=3.14, b=8264, c=1.47, d=3.55E-6

1y=3.14+1.47exp(-(x/8264)°.5)

0.5x10°

1.0x10° 1.5x10° 2.0x10°

tls

pro teplotyT= 8 :aTAC1 0&m A6 aJp=135\2

TaB-3-Up125R100k-200s-35V-na-s2.ep2b

10

3.7.2018

o

I/ mA

Obr. 31 Lasovs8 charakteri st

=a+dx+cexp(-(db)°.5) |
=5.98, b=935, =398, 0=2.02E-5

<

0.2x10°  04x10°  0.6x10°  0.8x10°  1.0x10°
t/s

proteplotuT= 125 rAdpUdt3H\a
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Vn8sl eduj 2c? ttgb wlacgea med opjoddiiakUor8pdt 2
pro vzorek TaB3proteplotyT= 25 AC ag 125 AC.

Tab. 3: Hodnoty parametrT jednotlivich sl o¢
TaB-3na ndEpIBHWV.2
Tepl ot lo/mA S/ mAs? 11/ mA Uls
25 0.373 1.71x10° 0.130 1004
45 0.467 -1.67%10” 0.113 3885
65 1.38 -1.0%10° 0.658 9526
85 2.69 6.20x107 1.62 7217
105 3.14 3.55x10° 1.47 8264
125 5.98 2.0X%10° 3.93 935

Z8vVvi sl osTlo lpaaSnameaterp| ot N gbre32agbhm33.sAbynbglo n a
mogu®| it aktiievglam2a keerwvalsfepid sywtu tyto teplNat n?2
vyneseny vk fermll10l0o®d (T. Akt iEv=a-2,Inth, kdemeje gi e |
smhRrwns cceSadnil vs. HGO/TL o g (

TaB-3-U35V-T25-10.epb

10

| TaB3 |
+U=3bV !

I/ mA

«  TaB3-U35-T25, | ‘
1 R R —

2.6 2.8 3.0 3.2 3.4

1000/ T K*

Obr.32 Te pl o tristka partinetrigzkbtyet k ov®h o pr-8udu vzork
na ndpnNEB8 V. Akt iranelruhfeE.e&'egi e pa
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Obr.33 Teplott char akter 13y Kl prqudivzarkueraB8 u
na rrdpNE5 V. eAeckgie paramétia fe Ea=0,45¢eV

Obr.34: Tep!l o eristka parbneetr@zikbty t K ov®h o pr-8udu vzor k
na ndp3BVvkde mezn?2 t dmleotdakc hif&ietn2 g z a
degradaci paz@metu ] Tke@@degg2 neg

Kpohy bu iiemtlant u doch3ztepur we opTiurgtTa@Bl @t N

pSi pSilog=n® Viaptljit2pSi bl ggaNned weplzorRuo T

Aktiva | n2  eamemegtire] ho lprpudkow vz28rku TaA2 je Ex = 0,47 eV.
Aktival n2 ener QjeE=par dmeeVu Hodnot yhtaktpiaw alme? a
je pSiblignNDubsrdt Baph §a j bkt @§psSusdpw@ A dadi agr amu
stukt ur ypiBirdprwhime zi  vpoSRimMossntinn? na p § s e m.
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