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METHODS OF FAILURE DIAGNOSTICS OF TANTALUM OXIDE-
SEMICONDUCTOR CAPACITORS WITH SOLID DIELECTRIC

The subject of the study is oxide-semiconductor capacitors, which are widely used in the manufacture of electronic equipment. The
goal of the study is to determine the main causes of failures of oxide-semiconductor capacitors at the production and operation
stages. For this purpose, analogs of flat film capacitors have been built, which represented various production and operational
situations (including dielectric breakdown); the structures of individual layers of capacitors, their chemical and phase formulas and
electrical properties were found. Since capacitor anodes have a porous structure and are not subjected to the usual methods of
studying flat objects, we used the simulation method. The simulated data were compared with the corresponding values measured on
capacitors that did not work during operation or testing. In the process of research, the following tasks were solved: physical
phenomena occurring in capacitors under the influence of various factors appearing in the production process were considered. It is
shown that redox processes lead to deterioration of the capacitors. It is established that the main causes of the degradation of
capacitors are thermodynamic in nature and they reduce the lifetime of the capacitors. Technological operations have been developed
that significantly reduce or eliminate the types of failures considered. These include the basic operations of the process. Doping of the
anodes of the capacitors with nitrogen. This operation is performed simultaneously with the sintering of porous anodes and
contributes to the increase of the lifetime, operating temperatures and reverse voltage of the capacitors. Growing a multilayer
dielectric by cyclically changing the formula of the electrolyte, where anodizing occurs. Formation of a dense cathode by applying an
alternative electric field when impregnating porous anodes. Organic silicon impregnation of capacitors’ sections. This creates a dense
waterproof film that blocks areas of free dielectric contact with manganese dioxide and provides good adhesion of the protective
organic film to the section. The following methods were used in the work: electron beam probing, Auger spectroscopy and
microprobe measurements.
Keywords: oxide-semiconductor capacitor; simulation method; failure analysis.

Introduction failed while operating or being tested. As our industry
produces, together with tantalum capacitors, niobium ones
that fail more often, the total number of capacitors
investigated within 10 years amounts to several hundred.

The diagnostics techniques proposed comprise the
following.

Oxide-semiconductor ~ capacitors  find  broad
application in the radio-electronic equipment thanks to an
optimum combination of their electric parameters to
overall dimensions and also thanks to acceptable price
policy [1-4].

Presenting main material

Analysis of problems and statement of tasks

1. Analyzing failure causes.
The analysis (which is of non-destructive nature) is
made on the grounds of the results of studying the

In the course of production and operation
parametrical failures of capacitors often take place that

does relevant development of a technique of the analysis
of failures of capacitors at a production stage. Such
technique will allow producers to increase quality of the
products and will reduce number of claims from the
enterprises which use oxide-semiconductor capacitors.
The purpose of the real work is development of a
technique of identification of potentially unreliable
capacitors, on the basis of studying of features of the
processes resembling in them

As capacitor anodes are of porous structure and not
subject to conventional methods of investigation of planar
objects we have employed the simulation technique.

Flat film capacitor analogs were constructed that
represented various production and operation situations
(including dielectric breakdown); then by means of
electronic beam, Auger-spectroscopy and microprobe
measurements we found out the structures of separate
capacitor layers, their chemical and phase formulae and
electric properties.

Results of the specified researches are published in
[5-11].

The simulated data were compared to the
corresponding values measured on the capacitors that

influence of external direct voltage value and polarity,
alternate voltage component frequency, temperature and
environmental conditions on main electric properties of
the capacitors. The analysis makes it possible to locate the
defect that caused the failure and to detect the production
procedure responsible for this defect. To revise the results
of the analysis they sometimes practice layer etching and
visual examination of capacitors’ components.

The figure 1 shows the characteristic dependencies
of leakage current (1) on voltage (U), temperature (T) and
duration (t) of vacuum drying of unsealed capacitors that
correspond to various failure causes.

A. Normal capacitor

(a) dependency 1(U) is an asymmetric one (1) with
U>0I~exp U, U<O I~U,where2<n<3;

(b) dependency I(T) is an activation one (1) with
activation energy E > 0.5 eV;

(c) I(t) = const, i.e. drying does not influence the
current.

B. Metal shunt
Appears because of solder streaking during capacitor
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sealing or because of forming metal threads while welding
tantalum and nickel leads.

(a) dependency 1(U) is a symmetric and linear one
(2):1=<S U;

(b) dependency I(T) is a non-activation one (2): the
current decreases reversibly with T growth;

(c) I (t) = const (2).

They are the procedures of nickel lead welding and
casing insulator soldering that are responsible for the
failure dependency I(T) is a non-activation one (3): the
current decreases irreversibly with T growth.
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Fig. 1. The characteristic dependencies of leakage current (1) on voltage (U), temperature (T) and duration (t) of vacuum drying of

unsealed capacitors that correspond to various failure causes

C. Non- metal shunt

It appears because of penetration of the moisture to
the internal insulator or capacitors anode lead surface.

(a) dependency 1(U) is a symmetric ad linear one (3):
-G U;

(b) dependency I(T) is a non-activation one (3): the
current decreases irreversibly with T growth;

(c) while drying the current decreases irreversibly.

They are section drying procedure preceding to
sealing and insulator cracks that are responsible for the
failure.

D. Dielectric breakdown with limitation of input
power

It occurs in presence of latent flaws in the dielectric
and close dielectric-semiconductor cathode contact in the
flawed spot. Power limitation is related to the local
reduction of the cathode to the lower manganese oxides
with high resistance.

(a) dependency I(U) is a symmetric one (4) with
I ~Un, where 1.5<n<25

(b) dependency I(T) is an activation one (4) with
activation energy E ~ 0.1 eV;

(c) I (t) = const (4).

It is anode sintering as well as powder quality that
are responsible for the failure.

E. Catastrophic breakdown

It occurs in presence of latent flaws on the internal
surface of the dielectric and in absence of close dielectric-
cathode contact in the flawed spot and also on penetration
of carbon layer through manganese dioxide to the
dielectric surface.

(@) dependency 1(U) is a symmetric and linear one
(5) with 1 =G7 U;

(b) dependency I(U) is not monotonous (5)
for the thermal coefficient of resistance changes its
sign;

(c) I (t) = const (5).

They are anode sintering and pyrolytic manganese
dioxide deposition procedures that are responsible for the
failure.

F. Parametric failure

It occurs in presence of flaws due to reduction of the
dielectric by the anode and in absence of dielectric-
cathode close contact in the flawed spots.

(a) dependency 1(U) is an asymmetric one (6) with
U<O0 I ~ Un, where 2<n<3;

(b) dependency I(T) is an activation one (6) with
activation energy E = 0.5 eV;

(c) while drying the current increases reversibly (6)
and on moistening it decreases.

It is manganese dioxide pyrolytic deposition
procedure that is responsible for the failure.

2. Main production procedures control.

Some failure analysis techniques can also be made
use of as simple, express and information-yielding
techniques of controlling the following procedures:
sintering of anodes, growing oxide dielectric and
semiconductor cathode deposition. Conventional control
techniques for these procedures based upon measuring
capacitors’ performance characteristics are rough and
don’t give evidence of latent flaws that can cause spoilage
on the final production stage or an operation failure. The
control techniques proposed allow to detect such flaws in
the early production stages and to correspondingly modify
the production procedures or materials used.

3. Shot-time lifetime estimation.

As a result of the investigation made it was found out
that the main causes of degradation of capacitors are of
thermodynamic nature, they reduce capacitors’ lifetime
and are as follows: a) local dielectric film reduction by the
b) field crystallization and splitting of anode amorphous
dielectric (fig. 2).
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Fig. 2. Illustration of the main causes of capacitor degradation
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The same redox processes as those causing

deterioration of capacitors cause them functioning in
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current-generator mode (fig. 3).
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Fig. 3. Capacitor operation in current generator mode

The temperature being high, the disconnected
electrodes of a capacitor generate an EMF; on connection
of the electrodes the galvanometer register a short-circuit
current Is.

A short-time investigation of temperature and
temporal relations between the EMF and Is allows to
determine all necessary values and to estimate the
capacitor’s lifetime according to the formula

E-aU
T=1, KT/

There exists a strict correspondence between E
values taken from test results and those derived from the
Is(T) dependence that proves the validity of the technique
proposed. The said technigque allows to promptly estimate
the lifetime of serial capacitors and the ones produced
under new techniques or of new materials.

A good correspondence was obtained for serial
capacitors between the real pre-failure operating time and
the lifetime estimated with the help of the technique
proposed.

4. Method of sorting unreliable capacitors out.

These methods can be wused either by the
manufacturer or by the customer while checking
manufactured or purchased capacitors.

The mentioned methods are based on the two
physical phenomena:

- pulse electric strength of a dielectric is correlated to
its lifetime under the normal conditions;

- dielectric conductivity asymmetry is sensitive to
the primary stages of flaw generation in the dielectric.

On these grounds simple, reliable and express
methods of sorting out unreliable capacitors were
developed comprising breakdown simulator and current
comparator under different external voltage polarity signs;
they allow rejecting - on the voltage pulse at the check-out
element - latently flawed capacitors without damaging the
rest of them.

Joint 1000-hour tests with a set of rejected capacitors
and a random sample of capacitors that successfully
passed through the sorting (initially all the capacitors had
the same current leakage level) resulted as follows: failure
was registered with 70 per cent of the rejected capacitors
the rest of them having elevated current leakage values

while the comparison sample did not give neither failures
nor changes in current leakage.

Technological  operations  provide  significant
reduction or eliminate the considered types of failures.

1. This procedure is executed simultaneously with
the sintering of porous anodes and allows to:

a) create in the anode a diffusion barrier for oxygen
at the oxide dielectric interface raise electrons’ energy
barrier and electron gap concentration in the dielectric;

b) owing to that dielectric reduction and anode-
dielectric electron injection are suppressed which process
contributes to raising the lifetime, operating temperatures
and reverse voltage of capacitors.

2. Growing a multi-layer dielectric.

To grow a multi-layer dielectric, one should change
in a cyclic manner the formula of the electrolyte where
anodization is taking place.

Thus, treated the dielectric forms layers with the
dimensions considerably less than those of the amorphous
dielectric critical nucleation center (Rcr = 100nm).

Owing to that dielectric crystallization is suppressed
that contributes to raising the lifetime and operation
temperature of capacitors.

3. Dense cathode deposition.

Owing to the alternate electric field application while
impregnating porous anodes with manganese nitrate
flawed spots within the dielectric become manganese
dioxide deposition centers.

This technique provides for blocking the flaws and
for a close contact between the cathode and the dielectric
for manganese dioxide islets on the surface of the
dielectric become the centers of the ensuing deposition of
pyrolytic manganese dioxide.

Another way to improve the quality of the cathode
layer can be doping manganese nitrate with a doping
solution containing indium [12-15].

It was found that when a semiconductor MnO, layer
forms on the Nb,O, substrate in the presence of indium,

indium is implanted into the Nb,O, surface layer of the
dielectric, which leads to a change in the electrical
characteristics of the MnO, —Nb,O, system, in
particular, to a decrease in leakage current. During
pyrolysis, thermal diffusion of niobium into the MnO,

layer occurs, as well as a transition zone containing mixed
oxides of manganese and niobium. A thin semiconductor

layer adjacent to the MnO, /Nb,O; interface is enriched

with niobium. At the same time, the stoichiometric
composition of the dielectric surface associated with the
niobium deficiency changes.

The introduction of indium containing additives
into a solution of manganese nitrate causes a decrease in
the pyrolysis temperature, which prevents the appearance
of defects in the dielectric film by the action of
temperature.
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4. Organic silicon impregnation of capacitors’ Conclusions

sections.
As a result of organic silicon impregnation of Simple, reliable, and rapid methods for sorting

capacitors”  sections and  ensuing  impregnate  unreliable capacitors have been developed, including a
polymerization a dense water-proof film is generated that  preakdown simulator and a current comparator with
blocks the areas of loose manganese dioxide-dielectric  different external signs of voltage polarity; they allow
contact and provides for a good adhesion of the protective  deflecting - on the voltage pulse on the switching off

organic film to the section. element - latently defective capacitors without damaging
This technique prevents moisture from affecting the  the rest.

free surface of the dielectric film. Owing to that the All the diagnostics and inspection methods proposed

lifetime and reliability of capacitors increase. had been developed under serial production conditions
Thus, increase the lifetime and reliability of and turned out to be efficient enough. Technological

capacitor. operations are developed that significantly reduce or

eliminate the considered types of failures.
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METOIHN JIAT'HOCTHUKHU BIJIMOB TAHTAJIOBUX OKCHJAHO-
HAINIBITPOBIITHUKOBUX KOHAEHCATOPIB 3 TBEPAUM AIEJIEKTPUKOM

IIpeamMeToM NOCHI/DKEHHS € OKCHIHO-HAIIBIPOBITHUKOBI KOHJCHCATOPH, SKi IITUPOKO 3aCTOCOBYIOTBCS Y BHPOOHHUIITBI
pamioenekTpoHHOI amapatypu. MeTol IOCII/UKEHHS € 3°sCyBaHHS OCHOBHHX IPHYMH BiIMOB OKCHJIHO-HAINiBIPOBITHHUKOBHX
KOHJICHCATOPIB Ha CTaJlii BAPOOHMIITBA 1 B eKCILTyaTallii. 3 i€l METOX MOOYI0BaHI aHAJIOTH IIOCKUX TUTIBKOBHX KOHICHCATOPIB, SKi
NIPECTABIUIM Pi3HI BUPOOHWYI 1 eKcIuTyaTamiiHi cuTyamii (BKJIIOYAIOYM MieNeKTPUYHHN MpoOiif); Oynn BUSBICHI CTPYKTYpH
OKpPEMHX IIapiB KOHACHCATOPIB, X XiMiuHI Ta (a30oBi (HOPMYJIH i €JIEKTPUYHI BIACTHBOCTI. OCKUIbKA KOHACHCATOPHI aHOIU MaroTh
MOPUCTY CTPYKTYPY 1 HE MiJJAlOTBCA 3BUYAWHUM METOJaM JOCHIDKEHHS IUIOCKHX O00’€KTiB, MM BHUKOPHUCTOBYBAIH METOJ
MOJCIIIOBaHHsA. MOJCIIOIOTECA [aHl ITOPIBHIOBAIMCS 3 BIAMOBIAHMMM 3HAYCHHSMH, BUMIPSIHAMU Ha KOHACHCATOpaxX, SKI He
CHpaIboBYBaIN MpH poOOTi abo TecTyBaHHI. Y MpoIeci JOCTIIKEHHS BHUPIMICHO Taki 3aBAAHHSA: PO3MVITHYTI (Qi3W4HI SBUIIA, IO
BiIOYyBalOThCS B KOHJIEHCATOpax NpH BIUIMBI DI3HUX (AaKTOpiB, IO 3’SBIAIOTECSA B Ipoleci BUpoOHHMITBa. [lokazaHo, o
OKHCITIOBAJIbHO-BITHOBHI IIPOLIECH MPU3BOAATH JO TIOTIPIICHHS CTaHy KOHJEHCATOpiB. BCTaHOBIEHO, IIO OCHOBHI HPUYUHHU
Jerpajnanii KOHJICHCATOPiB MaloTh TEPMOJWHAMIUYHHMN XapakTep i BOHHM 3MEHINYIOTH dac JKUTTSA KOHJeHcaTopiB. Po3pobieHo
TEXHOJIOT1YHI oneparii, siki 3Ha4HO 3MEHIIYIOTh a00 BUKIIIOYAIOTH PO3IJIIHYTI BUAM BiIMOB. Jl0 HUX BiHOCSTHCS OCHOBHI OIepariii
TEXHOJIOTIYHOTO TIpoliecy. JleryBaHHs aHOIB KOHACHCATOPIB a30ToM. L5 omeparisi BUKOHYETHCSI OJTHOYACHO 31 CIIKAaHHSIM MTOPHCTHX
aHOMIB 1 CHpHUSE MiABMIIECHHIO 4Yacy OJKUTTS, POOOYMX TEMIlepaTyp 1 3BOPOTHOI Hampyrd KOHICHCATOpiB. BupomryBaHHS
0araTomapoBOro JieIEKTPHKA HUIAXOM IMKJIIYHOI 3MiHHM (OPMYJIHM EJIEeKTPOJITY, ¢ BiAOyBaeThcs aHOAyBaHHSI. DopMyBaHHs
LITBHOTO KaTO/Ia IULIXOM 3aCTOCYBAHHS aJbTEePHATUBHOTO SIEKTPUYHOTO MOJIS IIPH IMPOCOYYBaHHI MOPUCTHUX aHOIB. [IpocouyBaHHs;
OpPTaHiYHUM KpEeMHieM ceKuili KoHpaeHcaropiB. [IpyM HbOMY CTBOPIOETHCS IIiIbHA BOJOHENPOHHMKHA IUTIBKA, sIKA OJOKYE MIJISTHKA
BUTBHOTO JII€IEKTPUYHOTO KOHTAKTy 3 JIOKCHIOM MapraHmio i 3a0e3nedye XOpolle 3YEIUICHHS 3aXHUCHOI OpraHiyHOI IUTIBKH 3
cekui€ero. Y poOOTi BUKOPUCTaHI MeTOIN: 30HIyBaHH EIEKTPOHHUM ITYYKOM, 0XKe-CIIeKTPOCKOIs 1 MIKPO30HJOBOTO BUMIPIOBAHHSI.
KurouoBi ciioBa: OKCHIHO-HAMIBIIPOBITHUKOBUI KOHACHCATOP; METOJ] MOJICITIOBAHHSI; aHai3 BiZIMOB.

METOAbI JMATHOCTHUKHU OTKA30B TAHTAJIOBBIX OKCHU/HO-
MMOJYINPOBOJHUKOBBIX KOHAEHCATOPOB C TBEPABIM JUIJIEKTPUKOM

IIpeqMeToM wHccrnenOBaHUS SIBISIOTCS  OKCHIIHO-TIOJYNPOBOJHHKOBBIE KOHJICHCATOPBI, KOTOpBIE IIMPOKO TPUMEHSIOTCS B
MPOU3BOJICTBE PaIMOAIEKTPOHHOM anmapartypsl. Llesiblo UcclieIoBaHUS SBISICTCS BBIICHEHHE OCHOBHBIX NPHUYMH OTKAa30B OKCHJIHO-
MOJIYIIPOBOTHUKOBBIX KOHJEHCATOPOB Ha CTA/IMU IPOHM3BOJCTBA M B IKCILTyaTalmi. C 3TOM IIENbIO MOCTPOCHBI aHAIOTH IUIOCKHUX
IUICHOYHBIX KOH/EHCATOPOB, KOTOPBIC NPEACTaBIsUIN Pa3iWyHbIe MPOM3BOJCTBEHHBIC M IKCIUTyaTallMOHHBIE CHUTYAIlMH (BKIFOYAs
UBJIEKTPUYECKU TPOOOH), OBLTH 0OHAPYKEHBI CTPYKTYPHI OTACIBHBIX CIIOEB KOHIEHCATOPOB, HX XHMUYECKHE U (ha30BbIe (hOPMYIIBI
U DJIEKTpUYECKHe CBOHCTBA. [10CKOJIBKY KOH/IEHCATOPHBIE aHOIBI UMEIOT MOPUCTYIO CTPYKTYPY M HE IOJIAI0TCS OOBIYHBIM METOAaM
HCCIIEI0BaHMs JUISl IUIOCKMX OOBEKTOB, MBI HCHONB30BAIM METOJ MOJEIHPOBaHUs. MojenmupyeMble JaHHBIE CPAaBHHBAIUCH C
COOTBETCTBYIOLIMMH 3HAYEHHUSMH, H3MEPEHHBIMU Ha KOHJIEHCATOpax, KOTOpble He cpadaThBaIM NMpH paboTe WM TECTUPOBaHUH. B
IpOLecce UCCIEOBAaHUS PEIICHBI CISAYIOINE 3a1a4M: PACCMOTPEHbI (PU3UUECKHE SBJICHUS, IPOUCXO/AIINE B KOHICHCATOpaX IpH
BO3/ICHCTBUM Pa3INYHBIX (aKTOPOB, MOSBIAIOLIMXCS B IPOIEcce MPOU3BOACTBA. II0Ka3aHO, YTO OKHCIHTENBHO-BOCCTAHOBUTEIIBHBIC
MPOLIECCHI TPUBOJIAT K YXYALICHUIO COCTOSHHUS KOHACHCATOPOB. Y CTAHOBJIEHO, YTO OCHOBHBIC MMPUYHMHBI JerPafallii KOHICHCATOPOB
HUMEIOT TePMOJMHAMUYECKIH XapaKTep 1 OHM YMEHBIIAIOT BPEMsl J)KH3HH KOHJICHCATOPOB. Pa3paboTaHbl TEXHOIOTHYECKHE ONePALIHH,
KOTOpbIE 3HAYHUTENBHO YMEHBIIAIOT WM HCKIIOYAIOT PACCMOTPEHHbIC BHIBI OTKa30B. K HHM OTHOCSTCS OCHOBHBIC OIEpaliu
TEXHOJIOTMYECKOr0 Tpolecca. JlernpoBaHue aHONOB KOHJCHCATOPOB a30TOM. ODTa OIEpauus BBINONHIETCS OAHOBPEMEHHO CO
CIIEKaHWEeM IOPHCTHIX AHOJOB M CIIOCOOCTBYET MOBBIINICHHUIO BPEMEHH JKH3HH, pabOvnX TeMmeparyp M OoOpaTHOrO HampsOKEHHS
KOHJICHCATOPOB. BpraLLII/IBaHI/Ie MHOTOCJIOMHOTO JUBJICKTPUKA IYTEM HUKIUYECKOTO HW3MEHCHUA q)OpMyJ'[])I QJICKTPOJIMTa, TAC
MPOUCXOAUT aHOAWPOBAHME. CDOpMI/IpOBaHI/Ie IJIOTHOI'O KaTroJa NyTeM IPUMEHCHHUSA aJIbTEPHATUBHOI'O JJICKTPUYECKOI'O IO IIPU
NPONHTKE IOPHUCTBIX AHOAOB. IIpONMHMTKA OpraHWYECKUM KpEeMHHEM CeKIMi KOHJIeHcaTopoB. IIpu 3TOM co3[aeTcs IUIOTHAs
BOJIOHETIPOHHIAEMAasl IUICHKA, KOTOpasi GJIOKMPYET y4aCTKH CBOOOJHOTO JHUAJIEKTPUYECKOr0 KOHTAKTa C JAMOKCHUIOM MapraHia |
obecrieynBaeT Xopoliee CHEIIeHHE 3alUTHOI OpPraHUYeCcKoil MICHKH ¢ ceKuueil. B paboTe HCIoabp30BaHbl METOABI: 30HIUPOBAHUE
ANIEKTPOHHBIM ITy4KOM, OXKe-CIIEKTPOCKOIIHS 1 MUKPO30HI0OBOT'O U3MEPEHHSI.
Kitro4eBble ¢J10Ba: OKCHIHO-TIOJIYTIPOBOJHUKOBBIN KOHACHCATOP; METO/l MOJIEIIMPOBAHMS; AaHAIIU3 OTKA30B.




