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Spontaneous recovery of hydrogen-degraded TiO  , ceramic capacitors
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Degradation of Ti@-based ceramic capacitors was observed after hydrogen incorporation on the
termination electrodes of the capacitors via electrolysis of water. Fourier-transform infiari)
absorption spectra analysis of polished rutile single crystals clearly showed that hydrogen was
incorporated into the Ti@ lattice through the treatment. Hydrogen reduce$' Tio Ti** and
increases the concentration of charge carriers. The degradation was found to exhibit a strong
dependence on time at room temperature. The degraded properties were spontaneously recovered
through an aging process, showing a spontaneous recovery unique ebdséd ceramic
capacitors. It is proposed that hydrogen is metastable in, Ta@d that hydrogen-induced
degradation has different stabilities among various oxide-based components and devi@®f4 ©
American Institute of Physics[DOI: 10.1063/1.1637942

The effects of hydrogen incorporation in materials havemm diameter silver electrode on the other surface. Some
been extensively studied, particularly on metéigdrogen capacitors were placed in a 0.01 M NaOH solution and dc
embrittlement and silicon-based devicefpassivation of voltages were imposed between the silver electrode of the
dangling bonds In recent years, however, more and morecapacitors and an anode in the solution. The electrolysis of
attention has been paid to the reactions between hydrogemater occurred because the applied dc voltages and hydrogen
and metal oxide materials® In our previous studies, we evolved on the silver electrode of the capacitors. This treat-
found that hydrogen reacts with many metal oxides at amment is hereafter referred to as hydrogen charging. The dc
ambient temperature in some electrochemical processes, ineltages were disconnected after designated periods of time
cluding electroplatinjand the electrolysis of watef These  and the capacitors were taken out, cleaned with de-ionized
ambient temperature reactions usually induce obvious degravater and dried. An Agilent 4294A impedance analyzer was
dations in the properties of these oxide-based componentged to measure the frequency spectra of capacitance and
and devices. A systematic understanding of the reactions igielectric loss of the capacitors. The current density—voltage
of great importance for improving the reliability of metal (J-V) characteristics of the capacitors were measured
oxide-based electronic components and devices. through a Keithley 6517 electrometer/high resistance meter.

For many oxide-based components and devices, the degolished rutile(001) single crystals(10xX10x0.5 mn? in
radation induced by the reaction of hydrogen is permanengize have been used for studying the reaction mechanism
and stable at room temperature. Sometimes, an annealing between hydrogen and T}OA 3 mm diameter silver elec-
an oxidizing atmosphere can recover the degrade¢rode was fired onto a corner of a rutile single crystal for
properties’® Obviously, the hydrogen-induced defects in hydrogen charging. Fourier-transform infrarégTIR) ab-
those oxides responsible for the degradation can only bgorption spectra were obtained with a Nicolet's Magna-
eliminated by high-temperature OXidiZing reactions. WhenTRTM 750 FTIR Spectrometer by measuring the transmit-
we studied hydrogen-induced degradation in ;Ftased ce-  tance spectroscopy. Raman spectra were recorded through a
ramic capacitors, however, we obtained a quite unexpectegbbin-Yvon T6400 instrument, with an Arlaser source of
result. Although hydrogen induces an obvious degradation i%14 nm wavelength and an incident power of 100 mW.
the capacitors, the degraded properties exhibit a strong de- SEM analysis revealed that the capacitors were very
pendence on time, and the degradation is gradually recoverggbnse in microstructure. Some samples had been immersed
through an aging process without any thermal treatmenty the NaOH solution for 100 h. After washing and drying, it
This indicates that hydrogen-induced defects are only metayas found that the immersion had no noticeable influence on
stable in TiQ-based ceramic capacitors at room temperatureye properties of the capacitors. By contrast, changes were
rn contrast to hydrogen-induced defects in many other oXgpserved in both the appearance and properties of those
ides. samples treated by hydrogen charging. The as-sintered

The composition and sintering of the Tdased samples were yellowish in color. The blank ceramic surface
temperature-compensating ceramic capacitors used in thgadually changed to bluish—gray and finally to blue—black
present investigation were reported in another pdpte a5 hydrogen charging proceeded. Associated with the color
capacitors were 0.70 mm thick and 7.5 mm in diameter, withehange were dramatic increases in dielectric loss and in leak-
a 4.5 mm diameter silver electrode on one surface and a Sgye current of the capacitors. Similar to the blank ceramic
surface of TiQ capacitors, the blank part of the rutile single
dElectronic mail: apchenwp@polyu.edu.hk crystal wih a 3 mmsilver electrode on a corner also changed
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FIG. 2. Frequency spectra of capacitance and dielectric loss for a hydrogen
FIG. 1. Room temperature Fourier-transform infrat@@IR) absorption  charging degraded TiGbased ceramic capacitor measured at various aging
spectra of an as-received rutile single crystal and a hydrogen-charged rutilémes.
single crystal.

) MHz and the dielectric loss is very low over this frequency
to blue—black after hydrogen charging and the transparenqnge. For the degraded capacitor, at the early stages of ag-

was greatly decreased. The FTIR absorption spectra for &g, the capacitance has obviously increased, and it decreases
as-received rutile single crystal and the hydrogen-chargegith increasing testing frequency; the dielectric loss has also
rutile single crystal are shown in Fig. 1. Hydrc_)gen chargmggreaﬂy increased and a peak appears in its frequency spec-
had been conducted for 80 h with the application of a 6 V dGyym, The increase in capacitance must be due to the incor-
voltage and a cathodic current density of 0.5 mAdcihe porated hydrogen atoms. They ionize and form dipoles that
FTIR absorption spectra were taken at 60 h after hydrogefake a noticeable contribution to the polarization, especially
charging. One can see that for the hydrogen-charged samplg, the ow frequency region. It is interesting to note that the
the transmittance had been greatly decreased above 13QQectra of capacitance and dielectric loss both change sys-
cm * and there is a significant absorption peak around thgematically with aging time. As aging proceeds, the dielectric
wavenumber of 3280 cnt. This is a characteristic absorp- loss peak moves to the low frequency side and the peak
tion for interstitial hydrogen identificatiol?. So it is direct height decreases; finally, the dielectric loss becomes very
evidence that hydrogen has been incorporated into the TiOsmall over the testing frequency range. The change in the
lattice at an ambien'.[ tempgrature by means of ?'eCtrOChem@:‘apacitance-frequency curve with aging time is also very
cal hydrogen charging. It is well known that“Ti can be  ¢jeqr, Roughly speaking, the slope of the curve decreases as
reduced to T*. Therefore, the reaction between hydrogene aging time increases, until the capacitance becomes in-
generated by the electrolysis of water and Ji€apacitors dependent of frequency. After 240 h of aging, the capacitor
can be expressed as exhibits the same capacitance and dielectric loss versus fre-

H,O+e™—OH™ +H_gq (1)  quency characteristics as that of the capacitor before electro-
chemical hydrogen charging; i.e., the dielectric properties re-

Hagst Hags—Hz, (20 covered after 240 h of aging.

Haaet Tiny— H + i 3 The J-V characteristics of the capacitor also exhibited a

strong dependence on time, as illustrated in Fig. 3. Accord-
where Hgsrepresents an adsorbed hydrogen atofmieiire-  ing to theJ—V curve measured aftel h of aging, the leak-
sents an ionized hydrogen in an interstitial site angl fBp-  age current density of the degraded capacitor is more than
resents a trivalent titanium in the lattice site of a tetravalenthree orders of magnitude larger than that of the as-sintered
titanium. The electron in Tj is weakly bonded and is easily

activated to the conduction band, which results in great in-

creases in dielectric loss and in leakage current. 107 3 Aging Time
The spontaneous recovery of hydrogen-induced degrada __ ot

tion in TiO, capacitors is shown by a representative sample’s | oo

in the following. The capacitor had been treated by hydrogen < 10 —+—28%

charging for 12 h, with the application of a 4.5 V dc voltage & i

and a cathodic current density of around 0.3 mAicifio § /// —o—ss

measure the time dependence, the moment when the samp § sintered

was disconnected from the dc voltage was taken as the stari ::j:

ing point of aging. After cleaning and drying, the sample was

kept at 20 °C for both aging and measuring. Figure 2 shows : et

the frequency spectra of capacitance and dielectric loss of the
capacitor measured at different aging times. It is clear that
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the sp_ectra depend greatly on aging time. For the as-sinterggis. 3. j_v characteristics for a hydrogen charging degraded, Tiésed
capacitor, the capacitance is about 24.9 pF from 1 kHz to teramic capacitor measured at various aging times.
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) ) ) o FIG. 5. Raman spectra for an as-received rutile single crystal and for the
FIG. 4. The relationship between the resistance and aging time for a hydrayygrogen-charged rutile single crystal of Fig. 1.

gen charging degraded Tjébased ceramic capacitor.

capacitor. But as aging time increases, the difference gradu- 10 Summarize, this study clearly shows that hydrogen
ally narrows. The relationship between resistafezgculated ~ 9€nerated by the electrolysis of water is incorporated in the
from the J—V curves at the voltage of50 V) and aging T!Oz lattice and_ mduces_ an obvious degrgdatlon in
time is shown in Fig. 4. It can be seen that the decreasediO2-Pased ceramic capacitors. Through an aging process,
insulation resistance increases monotonously to approadiPWever, the degradation vanishes gradually as the various
that of the as-sintered capacitor. The recovery is fast at théegraded properties systematically return to their original
early stage of aging, but becomes slower as aging time in@lues. It is proposed that the degradation results from the
creases. After 577 h of aging, the resistance reaches aboigduction of titanium and the formation of interstitial hydro-
50% of that before hydrogen charging. gen. These hydrogen-induced defects are only metastable in
It should be pointed out that the darkened color inducedhe TiG, lattice, and their disappearance results in the recov-
by hydrogen charging fades gradually in the course of agingery. Hydrogen-induced defects exhibit different stabilities
Together with the recovery observed in various properties, iPetween TiQ and many other oxides. It is imperative to
is reasonable to assume that the concentration of the defeddild up a systematic understanding on the reactions between
(interstitial hydrogen in this caseesponsible for the degra- hydrogen and metal oxides.
dation decreases as aging time increases. A possible mecha-
nism is expressed as

2H +2Ti— 2Tiy+H,. (4)
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