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Realization of high tunability barium strontium titanate thin films
by rf magnetron sputtering
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Ferroelectric thin films are currently being used to develop tunable microwave circuits based on the
electric-field dependence of the dielectric constant. ,@8g& 5 TiO; (BST) films prepared by
sputtering on Pt/TiQ/SIO,/Si substrates are found to exhibit a capacitance chéngebility) of

nearly 4:1. Higher tunability has been attributed to ¢h80 texturing of the BST films and is a
result of the biaxial tensile stress imposed by Si on BST making the polar axis oriented in plane.
Electrical characterization shows that the dielectric permittivity increases with increase in film
thickness(up to ~200 nm. © 1999 American Institute of Physid$$0003-695(99)03646-3

Ferroelectric thin films based on (BB, 5 TiO3 (BST)  to give a high tunability, while its growth kinetics is poorly
are potential candidates for applications as the storage camnderstood. It is well known that the dielectric properties of
pacitor dielectric for future generation dynamic random ac-BST films depend on the dielectric-electrode interface, the
cess memoryDRAM)! because of its high dielectric con- stress state of the film, microstructure, texture as well as
stant. As a result of the development of BST for the DRAM surface morphology. An understanding of the nucleation and
industry, it was found that the dielectric permittivity has a growth kinetics is required to control the microstructure to
strong field dependence, where typically the permittivity de-achieve device quality thin films. Stress in the film can result
creases with increasing field. However, the DRAM effortsfrom the difference in the thermal expansion coefficients be-
have not been concerned with tunability or other propertie§ween the substrate, electrode and the film. This biaxial strain
important for microwave circuits. The field-dependentcan give rise to a quasi polarizatidtthat has been attributed
change of the dielectric permittivity can be used for micro-as one of the possible causes of ferroelectric suppression in
wave and millimeter-wave applications such as tunable filBST thin films. Other possible reasons for the disappearance
ters, matching networks, and phase delay elements igf ferroelectricity in BST thin films include: grain size ef-
traveling-wave or transmission-line structufésin most  fects, interfacial chemical reactions, and interdiffusion be-
cases, low loss tangents and high dielectric tunability will beteen the substrate and the fiff. o _
required, where tunability is defined @§max/ € min- The BST films were sputtered from a stoichiometric
relative dielectric constant at zero bias is represented b{Ba.s ShsTiOs target onto P(100 nm)/TiO, (100 nm/
€ max» and e, mi is the relative dielectric constant at a SiO, (100 nm/Si substrates under the conditions listed in
higher or defined field. Table I. Pt[(111) textured and TiO, were sputter deposited

Our main focus has been to optimize sputtered BSTAt 400 °C(Silicon Quest, Santa Clara, Califorhiahe sub-

films for higher tunability to be used in applications such asStrates were ultrasonically cleaned with acetone and isopro-
varactors-diode replacements in transmission lines and as tifgnol prior to BST deposition. The films were structurally
nonlinear medium in frequency triplers. Capacitors with highcharacterized by x-ray diffraction, scanning and transmission
tunability can reduce the physical dimensions and circui!éctron microscopy. Ni-filtered CKa radiation with a de-
losses of a transmission line structure, and increase the coCtor St size ofz°, slit height of about 2 mm, and step size

version efficiency of frequency triplers. The field dependenc®’ 0-02°, was used to determine the texture of the BST films
of dielectric constant has been modeled as an interfacidly Xray diffraction(Philips XPert x-ray diffractometgrThe

layer in series with a bulk layérBoth the interfacial and COMPOSition of the films was verified by Rutherford back-
bulk layers have nonlinear dielectric response, with the in Scattering spectroscoiRBS). Films prepared at an Arif

terfacial layer having a lower dielectric permittivity than the 180/10 had a composition within an error of 1fBa/Sr
bulk of the film. This letter discusses the dependence of tun=0-49/0-51 of the target (Ba/Sr=0.5/0.5. The surface
ability on the texture of the film. We report a capacitance

change of nearly 4:1 for sputtered polycrystalline films. TABLE I. Sputtering conditions for BST deposition.

However, higher tunabilities of nearly 6:1 have been ob-

< . J . Target Bg5Shy5T10;
served for films deposited by chemical vapor deposition Target diameter 3in.
(CvD).A Source to substrate distance 4in.
In sputtered BST films, th€L00) texture has been found RF power 90w
Sputtering gas Ar/®(sccm)
Substrate temperature 450-650 °C
dDepartment of Electrical and Computer Engineering. Gas pressure 50 mT
YDepartment of Materials. Deposition rate 0.4 nm/min
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FIG. 2. Tunability as a function of texturing ratio.
14 ;
120 . 1 texture factors. It can be observed that (1€0 texturing
has a maximum at an Ar/(atio of 180/10. The nucleation
% 10[ ] and growth kinetics for the preferred orientation is not well
§; understood and further studies are in progress.
s 8r ] Figure 2 shows the variation in tunability as a function
of texturing ratio over a-5 to +5 V bias sweep. The films
61 ] were 72 nm thick and a maximum tunability is obtained at an
4 - ‘ ‘ . Ar/O, of 180/10. Higher tunability has been attributed to the
0 5 10 15 20 25 30 35 (100 texture of the film. Figure @) shows the variation of
Oxygen Content (%) dielectric permittivity, calculated from the room temperature
(b) capacitance—voltage data as a function of film thickness. The

FIG. 1. (3} Xray iffraction of 72 nm BST fi ttered at an A@f increase in dielectric constant with thickness has been previ-

. 1. (& X-ray diriraction 0 nm IIm sputterea at an AL

180/10, sputtering pressure of 50 mT and deposition temperature of 550 ° &usw attributed to the increase in grain size for thicker

(b) Ratio of texturing as a function of the oxygen content in the Arg@s films.** However, a plot of zero bias dielectric constant ver-

mixture. sus thicknes$Fig. 3(b)] reveals that the permittivity satu-
rates for film thickness greater thar200 nm. If the dielec-

roughness of the BST films analyzed by atomic force microstric constant is a function of composition and is independent

copy (AFM) were found to be-1.5—-1.7 nm, which is typical
of polycrystalline films'® The film thickness was measured 400

by RBS, cross-sectional transmission electron microscopy 350 - (o 204 mm ]
(TEM) as well as variable angle spectroscopic ellipsometry = - 96 nm
(VASE). Pt top electrodes were evaporated onto the BST % 300 | +-48nm a 1
through a shadow mask to define capacitors for electrical g 250 [ L 240m 1
testing. Capacitance—voltage measurements were done at 1 % 200 - .f "._ ]
MHz using an HP4145 impedance analyzer. All measure- 2 .F o
ments were done as cycle sweépsgative voltage to posi- 8 150 ¢ R ]
tive voltage back to negative voltag® check for any pos- 100 £ i,«}xx/ . e
sible hysteretic behavior. 50 F e ez ‘ e
The x-ray diffraction pattern of a BST filrffFig. 1(a)] 3000 2000 -1000 0 1000 2000
sputtered at 550 °C substrate temperature and at an, Af/O E - E(@Cmax) [kv/om]
90/10, exhibit a phase pure crystalline film, which is pre- O
dominantly (100 oriented. Cross-sectional TEM images of 400 ,
the corresponding film shows a columnar structure with a
lateral grain size of 10—15 nm, similar to that reported for = 350 ¢ * E
films grown by CVD*! Figure 1b) shows the effect of the S 3001 . 1
oxygen content in the plasma on the texturing ratio, for 72 S
nm thick films deposited at 50 mTorr and 475 °C substrate 2 250 ¢ ]
temperature. The texturing ratio is definedMgy, /M gen g 200 © ]
where a .
150 | ]
Miim=1(100 /[! (100 + 1 (1101, 100 F 4 \ ‘ ‘
0 500 1000 1500 2000 2500
M target— I(lOO) Il (100 T I(llO)]- Film thickness [Angstroms]
| (hky IS the integrated intensity of theénkl) peaks recorded ®

in 6—260 scans. The overlap of111) BST pe_ak ahd the Fig.3.(a Apparent dielectric permittivity vs electric field for BST films of
(11DPt peak precluded the use (f11) reflections in our varying thickness(b) Dielectric permittivity as a function of film thickness.
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0.03 ; . , , favorable with respect to the elastic contribution to the film
‘%; free energy.
i 00251 ; In summary, this letter has demonstrated how sputtered
E 002 b ] (100) textured BST thin films s:how_ increa;eg:i tunapility..
g ' Film growth on substrates that give rise to biaxial tension in
2 0151 1 the film (e.g., g 1< %qiim , Whereo is the thermal coefficient
g . of expansiohresults in the polar axis of the material orient-
T 001} #.,.- .."'\ ] ing itself along the substrate surface. The in-plane orientation
g of the polar axis yields BST films with higher tunability.
© 0,008 e e s Further studies are necessary to explore the nucleation and

Voltage [V] growth kinetics of sputtered BST films, the origin of the

film’s thickness dependence, and the impact of stress and
FIG. 4. Capacitance—voltage characteristics of a 72 nm BST film showing anterface reactions on the microwave properties of BST sput-
capacitance change of nearly 4:1. tered films. In addition, an explanation has to be found for
the maximum permittivity offset from zero bias, presumably
of the film thickness, then the observed saturation in dielecdue to built in electric field.
tric constant above a certain thickness can only be explained
by the presence of an interfacial capacitance layer. There[-
. : : ) : he
fore, thicker films are influenced less by the interfacial laye
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