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Rare-earth scandates (ReScO;, with Re=Y, La, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu,
i.e., the entire series for which the individual oxides are chemically stable in contact with Si) were
deposited in a temperature-gradient pulsed laser deposition system onto LaAlO; substrates. The
crystallization temperature depends monotonically on the Re atomic number and the Goldschmidt
tolerance factor, with crystallization temperatures as low as 650 °C for LaScO; and PrScOj;. The
dielectric constants of the crystalline films K=~30 (determined by microwave microscopy) are
significantly larger than those of their amorphous counterparts. In combination with the large
observed band gaps (E,>5.5 eV, determined by ellipsometry), these results indicate the potential of
these materials as high-K dielectrics for field-effect transistor applications. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2213931]

The development of an alternative gate dielectric for fu-
ture metal-oxide-semiconductor field-effect transistors
(MOSFETs) on silicon remains a critical hurdle for the semi-
conductor industry. Candidate materials must simultaneously
satisfy the criteria of a high dielectric constant K, chemical
stability in contact with silicon under normal processing
conditions, and a large band gap and large band offsets rela-
tive to silicon (quantities that differ in general between crys-
talline and amorphous forms).

Several members of the family of rare-earth scandates
(ReScO;, where Re stands for Y, La, or a lanthanide) have
been studied.” Dielectric constants K in the range of 18-35.5
(Ref. 3) and large optical band gaps*® (see Table 1) are re-
ported for single crystal SmScO;, GdScO;, DyScOs;, and
NdScO;, and epitaxial films of LaScOj;, GdScO;, and
DyScO; (with K~26, 20, and 22, respectively) were re-
cently grown onto StRuO;/SrTiO, substrates.’ Large optical
band gaps8 and K values of ~22 (Ref. 9) were also observed
on amorphous La-, Gd-, and Dy-scandate films.

A key issue for both amorphous and crystalline films is
the crystallization temperature. In applications of amorphous
high-K dielectrics, crystallization of the material during sub-
sequent device processing must be avoided, whereas epitax-
ial (crystalline) films are technologically feasible only if the
crystallization temperature is sufficiently low. Thus, in this
letter, we report a systematic investigation of the crystalliza-
tion temperatures of ReScOj; thin films.

We apply our previously introduced temperature-
gradient technique "~ to systematically study the entire family
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of known rare-earth scandates (with the exception of
EuScOj;, which is not expected to be thermodynamically
stable in direct contact with silicon”), i.e., Re=Y, La, Pr,
Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu. The approach
is based on pulsed laser deposition (248 nm radiation) in
80 mTorr of O,. In each deposition run of this particular
temperature-gradient method, ten LaAlO; single crystalline,
(012) [i.e., pseudocubic (001)]-oriented substrates are
mounted onto a metallic plate, each heated to a different
temperature (in 50 °C intervals between 350 and 800 °C).
Film thicknesses between 250 and 1000 nm were obtained in
each 25 000-pulse run (depending on the target).

Simple x-ray 6-26 diffraction scans, recorded for all
samples obtained in each deposition run, served as an ap-
proximate means to determine the films’ crystallization tem-
perature. We define an onset crystallization temperature by
the first appearance of a film peak (poor crystallinity) and a
temperature for complete crystallization (7,ys) above which
the film peak’s components due to the Cu Ka; and Cu Ka,
radiations are clearly separated (see Fig. 1). The crystalliza-
tion temperatures determined this way are shown as a func-
tion of the A-site atomic number in Fig. 1(c). No x-ray peaks
were observed for TmScO;, YbScOj3, and LuScOs;, indicat-
ing either that the perovskite phase does not form or that it
crystallizes only above 800 °C.

No obvious relationship to the crystallization tempera-
tures  determined here (7,y) with the melting
temperatures'>'? (T,,) listed in Table I is observed. Rather,
Tirys correlates well with the Goldschmidt tolerance factor
t=[(ra+ro)/ (y2(rg+rg))], a conventional measure of stabil-
ity for ABOj; perovskites. (Here, r, and rg are the ionic radii
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TABLE 1. Properties of ReScO; films on LaAlO;, compared to published values. a,

tolerance factor ¢ is calculated according to the text.
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. (bulk) is calculated from the unit cell volume (Ref. 14 and 21). The

Torys ds K, n, and E, refer to the crystallization temperature, thickness, dielectric constant at 1.7 GHz,

refractive index, and direct optical band gap for the thin film samples. For the bulk dielectric constant Ky, all three tensor elements are given where available
(measured at 1 MHz), and bulk E, values correspond to high absorption band edges. Error bars for K are given in parentheses, and brackets indicate
references. n/d indicates that no perovskite phase was detected by x-ray diffraction.

Clim e (bulk) T,, (bulk) d K Kpui n E, E,
z (A) A) t Ty (°C) (°C) (nm)  (this work) (Ref. 3) (400 nm) (this work) (eV) (bulk) (eV)
YScO, 39  3.962 3.940 0.816 n/d 500 20(1.5)
LaScO; 57 4.050 4.053 0.863 650 2390" 953 32(1.5) 2.11
400 32(1.2) 2.15 5.72
PrScO; 59 4.024 4.022 0.850 650 1000 29(1.2) 2.15
350 30(2.0) 2.20 5.76
NdScO; 60 4.014 4.011 0.845 700 2100° 309 36(3.0) 23 2.15 5.52
SmScO; 62 3.990 3.990 0.835 750 2100° 372 37(3.1) 18 2.07 5.55 5. 5 6.0°
GdScO; 64 3.981 3.970 0.827 800 2100° 705 31(2.0) 22.8,19.2,29.5 2.17 6.12 5.7¢
TbScO, 65 3.979 3.957 0.823 800 ) 312 39(4.7) 2.11 5.61
DyScO; 66 3.965 3.952 0.819 750 2100* 215 31(2.1) 22, 18.8, 35.5 2.13 5.73,5.95 5.7
HoScO; 67 3.967 3.943 0.815 800 226 32(5.5) 5.95
ErScO, 68 3.967 0.812 >800 245 20(1.5)
TmScO; 69 0.808 n/d
YbScO; 70 0.805 n/d
LuScO; 71 0.802 n/d

“Reference 11.
PReference 12.

of the A-site and B-site cations, respectively, r is the ionic
radius of oxygen, and f=1 corresponds to a perfect perov-
skite arrangement.) As shown in Table I, for larger tolerance
factors (approaching the value tr=1), lower crystallization
temperatures are observed.

For those scandates that crystallize below 800 °C in this
study (La—Ho), bulk structural analysis shows an orthorhom-
bic structure [space group Pbnm (No. 62)] with a<<c/ |2
<b,! dev1at1ng from cubic only by a few percent ([b- a]/ a
<5.5%). A thorough x-ray analysis was performed only for
one example (LaScO;), where a pole figure (111 reflection)
indicates that the film crystallizes predominantly with the ¢
axis normal to the substrate, with a much weaker component
exhibiting an in-plane ¢ axis. Scans through the film’s 002,
224, 204, and 024 peaks are consistent with a=5.72 A and
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FIG. 1. (a) X-ray diffraction 6-26 scans through the film’s pseudocubic 002
reflection and the LaAlO; substrate peak for the case of GdScO; films
grown at two different temperatures. The sample grown at 700 °C shows the
appearance of a broad film diffraction peak, defining 7,,,=700 °C for this
sample. At 800 °C, a clear separation into the Cu Ka; and Cu K&, compo-
nents is apparent (peak splitting); therefore T=800 °C. (b) Crystalliza-
tion temperature as a function of the A-site atomic number for the entire
series of scandates. Arrows indicate either a crystallization onset tempera-
ture above 800 °C or no formation of the perovskite phase.

“Reference 4.
dReference 6.

b=5.80 A (in plane), and ¢=8.11 A normal to the substrate.
This orientation is different from that reported in Ref. 7 (¢
axis in the plane) for films on SrTiO; and MgO substrates.

The film thickness and optical band gap were determined
by spectroscopic ellipsometry (SE) measurements using the
two-modulator generalized ellipsometer'> (2-MGE) from
1.5t05.6eV (840-220 nm) and a conventional fixed
polarrzer-samﬁple—rotating polarizer system used under nitro-
gen ambient'® from 5 to 9 eV (250— 140 nm). The data were
fit using a four-media model: air/surface roughness/film/
substrate. The thickness values obtained from the low-energy
data are particularly accurate, with correlated errors better
than 0.2% of the film thickness. The band gap is found from
the intercept with the energy axis in a plot of & versus
photon energy for the high-energy data, where a=4mk/\
and A\ is the wavelength. In all cases, a was in excess of
10* cm™! for almost all of the fitted range; absorption coef-
ficients below 10> cm™' are difficult to determine accurately
by SE. More details are found in Refs. 16 and 17.

The dielectric constants were measured at 1.7 GHz by
evanescent-probe microwave microscopy,18 1 using a refined
data analysis approach described elsewhere.”’ For these mea-
surements, a sharp metallic tip, being part of a A/4 resonator,
is brought in contact with the sample (10 um contact area
diameter, as determined by scanning electron microscopy af-
ter each series of measurements). The following resonance
frequencies are measured (with a precision of 10—-200 ppm):
fo for the resonator without a sample, fmple for the resonator
in contact with each of the thin film samples, and f,psiate fOT
the resonator in contact with a bare LaAlO; substrate. This
defines the values of Af/f(sample)=(fumpie—f0)/fsample and
Af/f(substrate) = (fubstrate=S0) / feubstrate- Care is taken to mea-
sure Af/f(substrate) before and after each measurement of
Af/f(sample) to guard against shifts in the background sig-
nal over the course of the experiment. Using the film thick-
ness determined from ellipsometry, finite element calcula-
tions as described in Ref. 19 are used to calculate the
frequency shift ratios [Af/f(sample)]/[Af/f(substrate)] ex-
pected for different values of K, thus creating a lookup chart
from which the films’ K value is determined.

Downloaded 10 Oct 2006 to 128.164.239.190. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



262906-3 Christen et al.
T T T T T 25
® Dielectric
40+ o constant 124
<
S 35 o refractive + 423 21<)
1%} index (400nm) ‘{{::)
c
S g {227
O 30 é og o
'E % é 2.1 k3
G 25 o¥%9 8
2 (} o 1208
A m]
0O 20
o ¢Tc,yst {1.9
m]
15 T T T T 1.8

300 400 500 600 700 800

Deposition temperature [°C]

FIG. 2. Dielectric constant K at 1.7 GHz of NdScOj; films deposited at
different temperatures (circles, left-hand scale) and their refractive index at
400 nm. Open and solid circles refer to relative permittivities determined
from background substrate measurements made before and after the films
are measured, respectively, as described in the text. These are placed in the
figure to demonstrate the reproducibility of the measurements.

The accuracy of the approach was checked by measure-
ments of two compositions with significantly different film
thicknesses, LaScO5; and PrScOs. Any errors resulting from
changes in tip geometry during the sequence of measure-
ments or from numerical artifacts related to different film
thicknesses would immediately result in different values of K
being found for the samples of each pair. Excellent agree-
ment (see Table I) was found.

To illustrate the dependence of the dielectric constant
and of the refractive index on the deposition temperature, the
results for the entire series of NdScO; samples are shown in
Fig. 2. Clearly, a high value of K=36 is obtained for well-
crystallized samples (deposited above 700 °C), while the
amorphous samples exhibit a significantly lower K=25.
Note that these values are much larger than those for any
binary oxide that is insulating, water insoluble, and stable in
contact with Si (K= 22 for ZrO, and HfO,).>"°

Results of K for samples deposited at 800 °C of all the
scandates are shown in Fig. 3. With the exception of ErScO;
(Z=68) and YScO; (Z=39), which are not fully crystallized
at 800 °C, no obvious dependence of K on the atomic num-
ber is observed. Comparing these results to bulk values, it is
immediately observed that the films’ K values are closest to
the larger bulk values measured along the orthorhombic
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FIG. 3. Dielectric constant K at 1.7 GHz (right-hand scale) for the series of
rare-earth scandates determined by microwave microscopy with the error
bars representing the standard deviation of three measurements for each
sample. For comparison, bulk dielectric constants (Ref. 3) (measured at
1 MHz) are shown as solid circles (multiple data points indicate the tensor
coefficients along the principal axes for single-crystal measurements).
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[001] direction, consistent with the electric field geometry in
the microwave microscopelg’21 and the assumption (based on
the measurements for LaScO;) that all films are oriented
with their ¢ axis perpendicular to the substrate.

Our comprehensive study of scandate films on LaAlO;
substrates (Table I) provides the most complete set of data
for epitaxial scandate films available. Low crystallization
temperatures are found at compositions with a high Gold-
schmidt tolerance factor. Importantly, several scandate mate-
rials crystallize at fairly low temperatures (<700 °C); the
resulting crystalline scandates exhibit large optical band gaps
(>5 eV) and high dielectric constants (K> 30), significantly
larger than in their amorphous or poorly crystallized
counterparts.
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