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Abstract 

Ferroelectric thin films can now be prepared by a variety of techniques to have dielectric constants of 800, loss 
tangents of 0.01, and leakage currents as small as 1 nA c m  -2 ,  which means that a capacitance of 120 fF /J,m -2  
can be achieved at 60 nm thickness (30 fF cell -1 in a 0.25 p~m 2 256 Mbit DRAM). It is significant that these 
properties are maintained up to 2 or 3 GHz, permitting operation of memories at very high clock rates (greater 
than 100 MHz). High-frequency roll-off of dielectric constants and loss tangents for barium strontium titanate 
fine-grained ceramics are compared with those for lead zirconate-titanate and discussed in terms of grain size 
and processing. The low loss tangents for very fine-grained material (40-100 nm) are surprising in view of earlier 
work on strontium titanate. Our data support the Neumann-Hofmann theory [Ferroelectrics, 134 (1992) 201] of 
surface-layer dominated loss. 

1. Introduction 

Attenuation and loss mechanisms are important prac- 
tical problems in the design and optimization of fer- 
roelectric thin-film devices [1]. Dielectric loss tangents 
increase from 0.001-0.01 at 1 MHz to ca .  0.2 at 1-5 
GHz, preventing the use of many films in microwave 
devices, such as phased array radar systems [2]. For 
the high internal clock rates (> 100 MHz) envisioned 
for the next generation of ULSI (ultra large scale 
integrated) DRAMs (dynamic random access memo- 
ries), this frequency-dependent loss is also a serious 
handicap. 

Loss mechanisms, both ultrasonic and dielectric, are 
poorly understood in ferroelectric thin films such as 
lead zirconate-titanate (PZT) or barium strontium ti- 
tanate (BST). Perhaps the best experimental papers 
on the subject are in ref. 3, where for pure strontium 
titanate the dependence of dielectric loss upon grain 
size, temperature and impurity concentration was care- 
fully determined. From such studies, the conventional 
wisdom has evolved that loss is principally determined 
by grain size, with very fine-grained ceramics being 
generally more lossy than large crystallites. The tan 6 
values in single-crystal strontium titanate are c a .  10 _3 
at room temperature and can be 10 - 4  o r  less at cryogenic 
temperatures. Electrical "Q" values of >_20000 are 
readily achievable in many ferroelectric ceramics at 
microwave frequencies [4]. Theoretical reviews of mi- 

croscopic loss mechanisms were published recently by 
Gurevich and Tagentsev [4], and a qualitatively different 
surface-layer loss model by Neumann and Hofmann 
[4]. For barium strontium titanate, Varadan et  a l .  [2] 
report 6 as low as 0.006 at 17 GHz. It is known from 
earlier work [2] by Sharpe and Brockus and by Powles 
and Jackson that ca. 1% Fe or Mn reduces dielectric 
loss. Sol-gel spin-on deposition generally yields less 
lossy material than does sputtering. The microscopic 
mechanisms behind these two empirical observations 
are not well understood. 

Unfortunately, electrical measurements are compli- 
cated by the electrode used and, in particular, the 
electrode-dielectric interface. The role of space charge 
at such interfaces and its effect on frequency-dependent 
loss mechanisms have been studied for 30 years [5-8]. 
Separate from this interface problem is the role of 
space charge accumulation at grain boundaries [9, 10] 
and consequent aging and fatigue mechanism; contin- 
uous defect entrapment occurs, particularly of oxygen 
vacancies [11-13], resulting in an activation energy 
lowering with time for [7] Frenkel-Poole bound-to-free 
electron transitions (detrapping). However, the micro- 
structures of grains are qualitatively different in PZT 
(columnar, perpendicular to electrodes) and BST 
(roughly spherical polyhedral). Therefore, no generic 
description of space-charge related loss mechanisms is 
possible that encompasses all materials of interest for 
DRAM applications. Microdomains of ferroelectric 
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phases within a paraelectric matrix may be important 
in some cases [14-17], as are 90°-domain wall mobilities 
and related stresses [18--20]. 

It would be desirable to separate clearly electrode 
(or space charge) mechanisms from other microscopic 
loss processes in these ferroelectric thin films. Internal 
friction and ultrasonic techniques would be welcome 
and highly complementary to existing data. 

2. Experimental details 

Ferroelectric films for DRAMs can be produced via 
a variety of deposition techniques: sputtering, laser 
ablation, sol-gel spin-on are all popular research meth- 
ods for PZT. BST is superior to PZT with respect to 
leakage current and high-frequency loss (tan/5 is typically 
0.015 to 0.017) and is best deposited by metal-organic 
deposition or liquid-source chemical vapor deposition 
[21], although good work has also been done with 
sputtered BST [22]. 

When we compare our tan /5 v s .  frequency data for 
40-100 nrfi diameter BST films with earlier data on 
PZT and strontium titanate, it is clear that grain size 
is not the dominant parameter. Domain structure, inter- 
grain amorphous regions, and other microstructural 
details are apparently more important and probably 
depend subtly upon processing parameters. Table 1 
shows loss tangents at 1 kHz for barium strontium 
titanate with different electrodes, oxygen ambient during 
anneal, or annealing temperature. The leakage currents 
for these specimens varied from 20 to 800 nA cm -z 
and were uncorrelated with tan 15 values. We interpret 
these data as showing that the dominant dielectric 
losses in our materials are not intrinsic. Annealing 
temperature and ambient gas are the most critical 
parameters. Doping is also very important; additions 

of 1% Fe, Mn, or Y reduce losses. Domain wall motion, 
piezoelectric resonances and intrinsic phonon losses 
are apparently unimportant. Most important is thick- 
ness; the very low loss BST in Table 1 from ref. 2 
were samples 1000/xm thick; they had tan 6 values as 
low as 0.002. BST specimens 0.25 /~m thick usually 
have losses of about 0.015-0.017, roughly an order of 
magnitude larger. This change depends upon thickness 
very much as in the TGS (triglycine sulfate) data of 
Neumann and Hofrnann, who find tan 8--0.001 at 
thicknesses of 10/xm or greater and 0.10 for the thinnest 
films. The theoretical dependence upon film thickness 
d predicted by these authors is: 

tan/5(d) = [tan/ss + tan 6b +y]/[1 +y] (1) 

where 

y = [e sdb( l  + tanZ/ss)]/[ebd~(1 + tan2~b)]  (2)  

the subscripts s and b designate surface and bulk (of 
the film); and 

d~ + db =d  (total film thickness) (3) 

Fitting the parameters in eqn. (1) requires sufficient 
data to extract six quantities: the thickness, dielectric 
constant and loss tangent of the surface layers and the 
interior (bulk) of the film. At present, insufficient data 
exist for BST to evaluate unambiguously these param- 
eters and thereby test the theory. For TGS, Neumann 
and Hofmann find surface layer thickness of 20 nm, 
a surface layer dielectric constant of about 4, and a 
surface layer loss tangent of about 0.1. Similar numerical 
values fit the existing BST data, as shown in Fig. 1, 
but more experimental data are required to test the 
theoretical prediction in eqn. (1) above. 

The exact frequency of the dielectric roll-off is an 
equally important parameter in modelling these phe- 
nomena. We can adjust it experimentally [22-24] in 

TABLE 1. Dielectric losses in barium strontium titanate thin films: Bal_xSrxTiO3 

Ba-ratio x Electrode Anneal  temperature Ambient  tan ~ (1 kHz) 
(oc) 

0.70 Pt/Ti 650 02 0.04 
0.70 Pt/Ti 650 03 0.06 
0.70 Pt/Cr 650 02 0.07 
0.70 Au/Cr 650 03 leaky 
0.70 W 650 02 leaky 
0.70 Au/Cr 650 O2 0.05 
0.70 Pt/Ti 600 02 0.46 
0.00 Pt/Ti 600 02 0.03 
0.00 Pt/Ti 650 02 0.015 
0.50 a none 1400 -- 0.05 

(sintered) -- 0.002 
0.24 a none 1400 

aVaradan et al. [2]; values of tan 8=0.005 have also been reported by F.J. Elmer and S.J. Jang, Army Science Conference Proceedings 
(1988) p. 283, and by C.B. Sharpe and C.G. Brockus, University of  Michigan Research Institute report 2732-4-4 (1959). 
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Fig. 1. Dielectric constant and loss tangent OS. film thickness for 
barium strontium titanate (70% Ba) sol-gel films at two different 
annealing temperatures. 

our BST films from cu. 100 MHz to cu. 5 GHz. It is 
not limited by extrinsic impurity concentrations (which 
are nominally identical in most of our specimens), but 
apparently by parameters such as oxygen vacancy con- 
centration, barrier heights at grain boundaries, and 
other microstructural details. The inference from Table 
1 is that low temperature (600 “C) anneals worsen 
losses as does annealing in ozone (rather than oxygen). 
In each case this is apt to affect the surface layer of 
the film. 

3. Inferences from switching times 

Recently Hase and Shiosaki [25] have found that 
small-area ferroelectric thin-film capacitors have faster 
switching times than do large-area devices. This is 
contrary to the predictions of most nucleation models 
[26] but has very recently been reconciled by Ishibashi 
[26]. In this section, we briefly make some numerical 
estimates relating to this observation and further relate 
the inferences therefrom to the question of why our 
very fine-grained films have extremely low dielectric 
losses. 

From our earlier study [ll], we extracted a domain 
nucleation rate for 40 nm ferroelectric oxide films of 
J=1.5X10z* s-l mm2 
speed of v = 440 m s-‘. 

and an average domain wall 
We use these numbers below 

in an estimate of parameters for barium strontium 
titanate films in the ferroelectric phase (Ba-rich) and 
the superparaelectric phase (in which ferroelectricity 
can be induced by applied electric fields). 

Ishibashi’s model has two cases: Case II (switching 
kinetics dominated by pre-existing nuclei), and Case I 
(nucleation only after electric field is applied and at 
a constant rate). He predicts size effects become im- 
portant in case I only if the inequality 

UL3/v < 1 (4) 

holds, where L is the size of the film. However, we 
note here a point not considered before 1261: if domain 
walls are limited by grain boundaries, L is the radius 
of a grain (20-50 nm in our films) and the switching 
time will be quite independent of capacitor cell size 
(cu. 100 pm on each side); whereas if the domain walls 
pass smoothly through the grain boundaries during 
switching, L is the length of the capacitor cell. Using 
our values of J and v above, we find that switching 
speeds will decrease (from eqn. (1)) noticeably for L 
somewhat less than a micron. This is in reasonable 
agreement with experiment. Note that at present most 
test devices are 100 pm on a side, whereas ULSI 
DRAM cells will be cu. 1 pm. 

Case II has a different inequality of importance: 

4NL2 < 1 (5) 

where N is the number of latent nuclei. This is expected 
to be the dominant criterion in most real oxide films 
[26]. Our earlier estimate for that was [ll] 4NL2-3, 
if L is taken as the grain radius. Therefore, the inequality 
in eqn (5) is perhaps never satisfied in our films. 
Making L equal the capacitor cell size (larger than one 
grain) only worsens the ability to satisfy eqn. (5), 
independent of whether domain walls traverse grain 
boundaries or not. 

The suggested inference is that the size effects on 
switching speed observed by Hase and Shiosaki make 
sense within Ishibashi’s nucleation model only if the 
continuous nucleation description is invoked (Case I), 
and then only if it is further assumed that domain walls 
move through grain boundaries in BST. However, this 
sequence of assumptions helps explain the mystery of 
why fine-grained ceramic BST has such low losses. 
There is negligible pinning of domain walls (we assume 
that the BST is in the ferroelectric phase or at a 
minimum, that it has microphases that are ferroelectric) 
by grain boundaries, and hence dielectric losses ap- 
proximate that of single crystals. 

4. Conclusions 

Ultra fine-grained (40 nm) ceramic thin films have 
remarkably low loss tangents (0.015) which remain low 
into the gigahertz regime. This permits their use for 
bypass capacitors in microwave devices [2] and in com- 
puter memories with high clock rates; Beall et al. [2] 
report 14 GHz voltage-tunable microstrip resonators 
with SrTiO, sputtered films on YBa,Cu,O,-, with & 
of 670 (limited by external loading) at 14 GHz. However, 
it is contrary to the conventional wisdom regarding 
grain size and lacks a quantitative understanding. Our 
inference, based upon Shiosaki’s switching time size 
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dependence [25] and Ishibashi's nucleation model [26], 
is that domain walls pass through grain boundaries in 
these very fine-grained devices, until defect (oxygen- 
vacancy) entrapment prohibits that [27]. Existing di- 
electric loss data would benefit from detailed internal 
friction and ultrasonic attenuation studies. All of our 
data support the surface-layer loss mechanisms proposed 
by Neumann and Hofrnann as dominant in BST ceramic 
thin films. 

References 

1 J.F. Scott and C.A. Paz de Araujo, Science, 246 (1989) 1400. 
2 D.C. Collier, Inter. Symp. Integ. Ferroelectrics (ISIF'93), Col- 

orado Springs, CO, April 20, 1993, Integrated Ferroelectrics, 
in press; 
V.K. Varadan, D.K. Ghodgaonkar, V.V. Varadan, J.F. Kelly 
and P. Glikerdas, Microwave Z, 35 (1992) 116; 
N. Missert, C.D. Reintsema, J.A. Beall, T.E. Harvey, R.H. 
Ono, D.A. Rudman, D. Gait and J.C. Price, IEEE Trans. 
Appl. Supercond., 3 (1993) 1741; 
J.C. Price, J.A. Beall and R.H. Ono, 1EEE MTT-S Int. 
Microwave Syrup. Digest, 1993, p. 1421; 
C.B. Sharpe and C.G. Brockus, University of  Michigan Research 
Institute Report 2732-4F (1959); 
J.G. Powles and W. Jackson, Proc. lEE, 96 (1949) 383. 

3 R.C. Neville, B. Hoeneisen and C.A. Mead, J. Appl. Phys., 
43 (1972) 2124; 
U. Syamaprasad, R.K. Galgali and B.C. Mohanty, Mater. Left., 
7 (1988) 197; 
Yu. M. Poplavko, T.G. Tsykalov and V.I. Molchanov, Sov. 
Phys.-Sol id State, 10 (1969) 2708; 
G.N. Balumi and U.C. Naithani, Solid State lonics, 22 (1987) 
155. 

4 W. Wersing, in N. Setter and E.L. Colla (eds.), Ferroelectric 
devices, Ferroelectric Ceramics, Birkhauser Pub. Co., 1993, pp. 
299-348; J.F. Scott, C.A. Paz de Araujo and L.D. McMillan, 
Condensed Matter News, 1 (no. 3) January (1992); 
V.L. Gurevich and A.K. Tagantsev, Zh. Eksp. Teor. Fiz., 97 
(1990) 1335; Adv. Phys., 40 (1991) 719; N. Neumann and G. 
Hofmann, Ferroelectrics, 134 (1992) 201. 

5 K. Lehovec and G.A. Shirn, J. Appl. Phys., 33 (1962) 2036. 

6 H.Y. Lee and L.C. Burton, 1EEE Trans. Components, Hybrids, 
and Manufact. Tech., CHMT-9 (1986) 469. 

7 S.B. Desu and I.K. Yoo, Proc. Inter. Syrup. Integ. Ferroelectrics 
(ISIF '92), Monterey, CA, March 1992, Integrated Ferroelec- 
trics, 4 (1993) 640. 

8 I.S. Zheludev, Physics of  Crystalline Dielectrics, Vol. 2, Plenum, 
New York, 1971, p. 474. 

9 A. Yu. Kudzin, T.V. Panchenko and S.P. Yudin, Fiz. Tverd. 
Tela, 16 (1975) 1589. 

10 C. Karan, IBM Technical Reports, 3 (1955) 201. 
11 H.M. Duiker and P.D. Beale, Phys. Rev., 41 (1990) 490; 

H.M. Duiker, P.D. Beale, J.F. Scott, C.A. Paz de Araujo, 
B.M. Melnick, J.D. Cuchiaro and L.D. McMillan, J. Appl. 
Phys., 68 (1990) 5783. 

12 T. Baiatu, Ph.D. Thesis, University of Karlsruhe, 1988. 
13 R. Waser, Mater. Sci. Eng., A109 (1989) 171; 

G. Borchardt, J. Von Cieminski and G. Schmidt, Phys. Stat. 
Sol., 59A (1980) 749. 

14 K.-H. Hardtl, Ferroelectrics, 12 (1976) 9. 
15 K. Okazaki and K. Nagata, J. Am. Ceram. Soc., 56 (1973) 

82. 
16 K. Okazaki, H. Igarishi, K. Nagata and A. Hasegawa, Fer- 

roelectrics, 7 (1974) 153. 
17 W.A. Schulze, J.V. Biggers and L.E. Cross, Z Am. Ceram. 

Soc., 61 (1978) 46. 
18 H. Dederichs and G. Arlt, Ferroelectrics, 68 (1986) 281. 
19 G. Arlt and H. Neumann, Ferroelectrics, 87 (1988) 109. 
20 K.W.Plessner, Proc. Phys. Soc. (London), B69 (1956) 1261. 
21 L.D. McMillan, T.L. Roberts, M.C. Scott and C.A. Paz de 

Araujo, Proc. lnter., Symp. lnteg. Ferroelectrics (ISIF '92), 
Integrated Ferroelectrics, in press 1993, p. 666. 

22 J.F. Scott, M. Azuma et al., edited by Mike Liu, Proc. Int. 
Sym. Appl. Ferroelec. (ISAF '92), Clemson, SC, 1 September, 
1992, IEEE, New York, in press. 

23 J.F. Scott, C.A. Paz de Araujo, et al., Int. Sym. Semiconductor 
Interfaces, San Diego, CA, December 14, 1992, IEEE, Pisca- 
taway, NJ, 1993, in press. 

24 J.F. Scott, M. Azuma, C.A. Paz de Araujo, L.D. McMillan, 
M.C. Scott and T.L. Roberts, Integ. Ferroelectrics, in press. 

25 T. Hase and T. Shiosaki, Jpn. J. Appl. Phys., 30 (1990) 2159. 
26 Y. Ishibashi and Y. Takagi, J. Phys. Soc. Jpn., 31 (1971) 506; 

Y. Ishibashi, Jpn. J. Appl. Phys., 24, Suppl. 24-3 (1986) 126; 
Int. Symp. Integ. Ferroelec. (ISIF '92), Monterey, CA, March 
1992, (Integ. Ferroelec., in press, 1993) p. 627. 

27 H. Boutin, B.C. Fraser and F. Jona, J. Appl. Phys., 35 (1963) 
2554. 


