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BaTiO3 based relaxor ferroelectric epitaxial thin-films
 for high-temperature operational capacitors
 Somu Kumaragurubaran1, Takahiro Nagata1, Kenichiro Takahashi2, Sung-Gi Ri2,Yoshifumi Tsunekawa2, Setsu Suzuki2, and Toyohiro Chikyow1
 1International Center for Materials Nanoarchitectonics (WPI-MANA), National Institute for Materials Science (NIMS),Tsukuba, Ibaraki 305-0044, Japan2COMET Inc., c/o NIMS, Tsukuba, Ibaraki 305-0044, JapanE-mail: [email protected]
 Received September 9, 2014; accepted November 13, 2014; published online January 22, 2015
 The epitaxial growth of 0.6[BaTiO3]–0.4[Bi(Mg2/3Nb1/3)O3] (BT–BMN) relaxor ferroelectric thin-films on (100) Nb doped SrTiO3 substrates has beenachieved and the structure is investigated for high-temperature capacitor applications. The post growth annealing decreases the oxygen vacancyand other defects in BT–BMN films, resulting in the enhancement of dielectric constant. An insertion of intermediate SrRuO3 layers as an electrodeinstead of Pt, sandwiching the film, is found to be more effective in enhancing the dielectric constant. A very high dielectric constant exceeding 400was achieved from high-temperature annealed film and the film showed an excellent dielectric constant stability of below 11% in the temperaturerange of 80–400 °C. This will enable smaller, high-temperature tolerant, monolithically integrated thin-film capacitors on power semiconductordevices. © 2015 The Japan Society of Applied Physics
 1. Introduction
 Power semiconductor devices based on SiC, GaN, anddiamond are needed for compact and efficient energy-savingdomestic, automotive, aviation, space, and geothermalexploration applications and power transmission. Many ofthese applications involve high-temperature and harshenvironment. In view of this, SiC based transistors andSchottky diodes capable of performing over 250 °C havebeen developed.1,2) At present, SiC based devices haveadvanced to the commercial manufacturing stage. Like theadvancement in these active devices, it is also necessary todevelop passive elements such as a capacitor, resistor andinductors that are capable of operating at temperatures over250 °C.
 Currently available capacitors can function up to 175 °Conly. Moreover, they are bulky and occupy a significantspace in the module. Therefore, it is very important todevelop a thin-film capacitor that can withstand at high-temperatures and can be integrated monolithically to theactive devices. This will facilitate a reduction in parasiticinductive losses and faster switching of the device. Also it ispossible to take advantage of the high thermal conductivity ofthe substrate and develop cooling-free compact device. Thecore issue is to develop a dielectric medium for the capacitorand the requirements of a dielectric material is to have (1) ahigh dielectric constant of above 400 over a wide frequencyrange, (2) high stability of dielectric constant against tem-perature typically, below 15%, (3) low dielectric loss andleakage current, and (4) free from hazardous elements.Several lead-free relaxor ferroelectric materials have beenexplored3–8) as a dielectric medium since the temperaturedependency of dielectric constant in relaxors exhibit a verybroad peak correlated to the local polar nanometer sizeregions (PNR). As a member of relaxor family, recently,x[BaTiO3]–(1 ¹ x)[Bi(Mg2/3Nb1/3)O3] (BT–BMN) bulk ce-ramics showed a high dielectric constant and a very highstability of dielectric constant against temperature.9) How-ever, a thin-film process technology has to be developed formonolithic device integration. From the device design andoperation view, a capacitor made of epitaxial thin-film has
 several advantages like control in the direction of polarizationorientation, suppression of grain boundary related leakagecurrent and clear definition of interface states. However, untilnow, the reports on the epitaxial thin-film process technologyof lead-free relaxors are very scarce in the literature.3,5,10)
 In the practical capacitor design and process integrationespecially, for high-temperature applications, factors such asthe electrode structure, interfacial reaction at repeated heatcycles, adhesion of layer to the substrate, thermal stress, bandoff-set, etc. are to be considered. Among several lead-freerelaxors, BaTiO3 based compounds are preferable becauseBaTiO3 has been adopted in the semiconductor industry fora long time. Its distorted cubic structure is compatible toseveral electrodes and also to major semiconductor sub-strates. Therefore, one can think of an all-epitaxial capacitorwith a better process controllability and thereby a controlledinterface states, defects and electrical properties. In thispaper, we demonstrate the epitaxial growth of BT–BMN thin-films on (100) SrTiO3 (STO) substrate employing pulse laserdeposition (PLD) method and show its potential as adielectric material for high-temperature tolerant capacitors.The influence Pt and SrRuO3 (SRO) electrodes on theelectrical properties is also addressed.
 2. Experiment
 High-temperature sintered Bi-excess 0.6[BaTiO3]–0.4[Bi-(Mg2/3Nb1/3)O3] and SRO ceramic targets were preparedand pre-installed in the deposition chamber. The (100)oriented Nb 0.5wt% doped STO was used as a substrate. AKrF excimer laser with a wavelength of 248 nm, repetitionrate of 10Hz, and energy density of 1.5 J/cm2 was employedto ablate the target. The deposition was performed at specifictemperatures of 490, 510, and 530 °C and at specific oxygenpartial pressures of 0.2, 2, and 20 Pa. Prior to BT–BMNgrowth, a 50 nm SRO was deposited on some substrates at570 °C and an oxygen partial pressure of 0.13 Pa. Prior to Ptelectrode deposition, some BT–BMN films were annealed at825 and 850 °C for 5min with an oxygen flow of 0.2 L/min.X-ray diffraction (XRD) analysis was carried out usingBruker AXS D8 discover GADDS system equipped with alarge angle two-dimensional (2D) detector. Using a shadow
 Japanese Journal of Applied Physics 54, 04DH02 (2015)
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metal mask, a 120-nm-thick Pt was deposited as topelectrode. On some films, a 50 nm SRO was deposited atroom temperature prior to Pt deposition. To aid groundcontact, a 120 nm Pt was deposited on the backside of STO.Current–voltage (I–V) and capacitance–voltage (C–V) meas-urements were conducted using source-measurement unit(Keithley 2612B) and LCR meter (Agilent E4980A)respectively in the temperature range of 25–400 °C. X-rayphotoelectron spectroscopy measurements were carried onthe samples at room temperature and UHV conditions, usingVG Thermo ScientificTheta Probe system, with Al K¡radiation (h¯ = 1486.6 eV). The X-ray beam diameter was400 µm and the pass energy was set to 30 eV. An Ar ionneutralizer gun was used to counter the sample chargingeffect. The overall energy resolution of the system is 0.7 eV.The X-ray photoelectron spectroscopy (XPS) data wascalibrated against the Au 4f7/2 core level (84.0 eV). Corelevel spectra were fitted using the Voigt function after thebackground correction employing the Shirley function.11)
 3. Results and discussion
 The 2D XRD pattern of BT–BMN films grown directly onSTO at 20 Pa and 510 °C showed singular spots [Fig. 1(a)]corresponding to 100 and 200 reflections at 22.3 and 44.5°respectively. The singular spot intensity decreased in filmsgrown at 2 and 0.2 Pa and exhibited poly crystallinity (notshown). BT–BMN films grown at 20 Pa but at temperatures490 and 530 °C were also polycrystalline. This suggests thatthe pressure and temperature window to realize highlyordered epitaxial film growth is rather narrow in (100)direction. Figure 1(b) is the pole figure projection of fourof [111] reflections on (100) plane, exhibiting a fourfoldsymmetry, further confirming the epitaxial relationship ofBT–BMN film with the substrate. Figure 2 shows thedielectric constant and dielectric loss, as a function of sweepfrequency, for the films deposited at temperatures of 490,510, and 530 °C and at 20 Pa. In the as-grown state, theepitaxial BT–BMN film grown at 510 °C exhibited higherdielectric constant than the poly crystalline BT–BMN filmsgrown at 490 and 530 °C, which exceeded 250 at thefrequency of 100 kHz.
 In the next step, to investigate the post growth annealingeffects on the dielectric constant of BT–BMN films, BT–BMN films grown at 510 °C were annealed. Annealingprocess substantially improved the dielectric constant of the
 film and the highest value is obtained on the film annealed at850 °C (Fig. 2). The dielectric constant and loss are over 350and below 0.2 even at 1MHz, respectively. To understand thereason behind the enhancement of dielectric constant of theannealed film, XRD and XPS analysis were performed.Though the XRD pattern of the annealed film did not showany remarkable difference between the as-grown and theannealed BT–BMN films, XPS measurements revealed thereduction of defects. Figure 3(a) shows Ba 3d5/2 core levelspectra of the as-grown and annealed BT–BMN films. Theas-grown BT–BMN indicated a peak around 781 eVcorresponding to defects of the B-site in perovskitestructure.12) In the annealed film, this peak drasticallydecreased, and the intensity ratio of O 1s core spectra (notshown) corresponding to BT–BMN increased from 0.3 to0.5, suggesting that the concentration of defects and oxygenvacancy were improved. The oxygen vacancy related pointdefects play a major role on the ferroelectric properties of
 Fig. 1. (Color online) (a) 2D-XRD pattern of BT–BMN film depositedon (100) STO substrate at 510 °C with an oxygen partial pressure of 20 Pa.(b) Pole figure projection of four of [111] reflections of BT–BMN film on(100) STO substrate.
 Fig. 2. (Color online) Dielectric constant (solid lines) and dielectric loss(broken lines) as a function of sweep frequency for the films deposited attemperatures 490, 510, and 530 °C on (100) oriented substrates at 20 Pa. Postgrowth annealing improved the dielectric constant and the highest value isobtained for 850 °C annealed film.
 Fig. 3. (Color online) XPS of (a) Ba 3d5/2 and (b) Bi 4f7/2 core levels ofas-grown and 825 °C annealed BT–BMN films. Solid lines show measuredspectra (Exp.; red line) and background (BG; black line). Open circles showsum-fitted curves. Dashed lines are fitted curves for each bond: BT–BMN,defective region (filled area), and metallic Bi (filled area).
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perovskite oxides.13–15) It should be mentioned here that theNb containing perovskites tolerate a high density of oxygenvacancy defects.16) The as-grown films are deficient ofoxygen and the annealing process reduced the oxygenvacancies and thereby increased the film dielectric constant.However, the dielectric constant of the thin-film is muchlower than its bulk counterpart. The electrode-film interfaceand the effective charge distribution in this region andsimilarly the substrate-film interface affect the capacitance.Therefore, the estimated dielectric constant could be differentfrom the real film dielectric constant. It is worthy to note thatBT–BMN films were deposited directly on STO substratesfrom Bi-enriched targets and post annealed at high temper-ature. It is known that Bi incorporated STO films haveshowed several dielectric peaks which are very sensitiveto oxygen ions or oxygen vacancies.17) Figure 3(b) showsBi 4f7/2 core level spectra for the as-grown and the annealedBT–BMN films. In the as-grown state, a Bi metallic peakappeared on the lower energy end of the spectrum.18,19) Thispeak is pronounced in the annealed film surface. Further-more, the intensity ratio of Bi 4f7/2 to Ba 3d5/2 increasedfrom 0.5 to 0.8 after the annealing. These results imply thathigh-temperature annealing caused Bi out-diffusion since825 °C is close to the melting point of Bi2O3.20) In addition,many a Bi containing oxide compounds melts around900 °C.21,22)
 Besides segregation of Bi on BT–BMN surface, it isalso likely that Bi affects the STO interface. We altered theSTO substrate-film interface by introducing SRO epitaxiallayer, a widely used perovskite conductive electrode in Bicontaining thin-films on STO.5,23,24) In addition, SROinterface has been found to be advantageous for BaTiO3
 based thin-film capacitor structures.25–27) The 2D-XRDpattern of BT–BMN grown on SRO/STO structure is shownin Fig. 4(a). Singular spots corresponding to 100 and 200reflections are obtained without any foreign phase. The filmslattice spacings are larger than the substrate. Figure 4(b)depicts the pole figure projection of four of [111] reflectionson (100) plane evidencing a coherent epitaxial relationshipamong BT–BMN and SRO films and STO substrate. Thefilms were annealed at 850 °C under an oxygen flow of0.2 L/min. To circumvent a possible reaction of Pt and Biat high temperatures,28) a 50 nm SRO was deposited using ametal mask, before Pt electrode deposition on BT–BMMfilm. Frequency dispersion of dielectric constant (solid lines)and dielectric loss (broken lines) of 850 °C annealed epitaxial
 films with the SRO/Pt top electrode is illustrated in Fig. 5.The dielectric constant remarkably increased in the SROsandwiched BT–BMN film. The films showed a highdielectric constant exceeding 550 at 100 kHz at room tem-perature measurement. This value is close to the bulkdielectric constant.
 The high-temperature C–V measurements were performedon Pt/SRO/BT–BMN/SRO/STO/Pt capacitor structurefrom room temperature to 400 °C. Figure 6 represents thedielectric constant (solid symbols) and dielectric loss (opensymbols) of the film as a function of temperature in theforward (increasing temperature) and reverse (decreasingtemperature) directions at a measured frequency of 100 kHz.The BT–BMN film showed a very high dielectric constantexceeding 500 and a low dielectric loss up to 350 °C in theforward direction and it is decreased in the reverse direction.However, it remains over 400 at room temperature. Thedielectric constant stability of the film against temperature isdefined as
 �C
 C¼ "max � "min
 "RT� 100%
 where ¾max, ¾min, and ¾RT are respectively the maximum,minimum and room temperature dielectric constants. Thestability is higher in the reverse direction. Note that the
 Fig. 4. (Color online) (a) 2D-XRD pattern of BT–BMN film depositedon SRO/STO and (b) pole figure projection of four of [111] reflections ofBT–BMN film on (100) STO substrate.
 Fig. 5. (Color online) Frequency dispersion of dielectric constant (solidlines) and dielectric loss (broken lines) of 850 °C annealed epitaxial BT–BMN film with SRO electrodes. The inset illustrates the sample structure.
 Fig. 6. (Color online) Temperature dependence of dielectric constant(solid symbols) and dielectric loss (open symbols) of 850 °C annealedepitaxial BT–BMN film with SRO electrodes.
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dielectric constant exceeds 400 and the stability is below 11%in the temperature range of 80–400 °C which are morepromising while considering recent reports.3,29,30) In thesecond heat cycle and more, the dielectric constant valueswere about the same values as the reverse direction valuesof first cycle (not shown). This should be caused by aninterfacial reaction between BT–BMN and SRO top electrodedeposited at room temperature, indicating that the interfacialreaction at high-temperature influences the dielectric constantand also the stability. Therefore, it is possible to achievehigher dielectric constant and better thermal stability ofdielectric constant from this material when the interface isproperly engineered.
 4. Conclusions
 Epitaxial growth of (100) oriented BT–BMN thin-films wererealized on Nb:SrTiO3 substrates by PLD. The temperatureand pressure window to realize epitaxial growth in (100)direction is rather narrow. A high dielectric constant exceed-ing 400 at 100 kHz and a high thermal stability of dielectricconstant below 11% was accomplished in the temperaturerange of 80–400 °C. The interfacial reactions influence thesuperior dielectric properties of BT–BMN. When the inter-face is appropriately tuned it is possible to gain higherdielectric constant and its stability against temperature.
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