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We have developed a multisample film growth method on a temperature-gradient substrate holder to
quickly optimize the film growth temperature in pulsed-laser deposition. A smooth temperature
gradient is achieved, covering a range of temperatures from 200 to 830 °C. In a single growth run,
the optimal growth temperature for 8, _,Nb,Og thin films on MgQO001) substrates was
determined to be 750 °C, based on results from ellipsometry and piezoresponse force microscopy.
Variations in optical properties and ferroelectric domains structures were clearly observed as
function of growth temperature, and these physical properties can be related to their different
crystalline quality. Piezoresponse force microscopy indicated the formation of uniform ferroelectric
film for deposition temperatures above 750°C. At 660 °C, isolated micron-sized ferroelectric
islands were observed, while samples deposited below 550 °C did not exhibit clear piezoelectric
contrast. ©2004 American Institute of Physic§DOI: 10.1063/1.1650916

There have been numerous investigations on transitiofilm deposition surface is achieved by placing a specially
metal thin films due to their interesting electric and magnetiadesigned substrate plate, as shown in Fi@),ln front of a
properties: Obtaining single phase thin films of such com- 6.3 cm diameter radiative heater. This substrate heater unit
plex metal—oxides with excellent crystalline quality by can be operated above 800°C in air, and is equipped with
pulsed laser depositidror other techniques is time consum- motors allowing for precise translatiofup to 7 cm. For
ing because of the numerous growth parameters to be optgonventional film growth or when operated as part of our
mized. To more quickly determine ideal growth conditions inPLD—CCS system, a temperature uniformity 0 °C is
the exploration of thin films, several research groups havé@chieved ovea 5 cmdiameter area. However, intentionally
imp|emented “mu|tisamp|e” approaches based on the prin.asymmetric radiation loss combined with the limited thermal
ciples of combinatorial materials technoldtfyin particular, conduction within the metallic heat plate, lead to significant,
the use of a variable-temperature substrate heater is a poRut controlled spatial ~temperature variations.  For
erful tool for the quick optimization of growth temperature emperature-gradient film growth, we thus designed a special
and was reported for sputter deposition almost 40 year§ agosubstrate holder as shown in Fig(al yielding a smooth
but has only recently been applied to complex oxities.

Here we report the technical implementation and perfor- (@)
mance specifics of a temperature-gradient method based on
conventional radiative heating of a metallic substrate holder,
using an exposed Pt-based filament. The apparatus is basec
on—and integrated with—our pulsed-laser deposition based
method of continuous compositional-spre@l.D-CCS as
described elsewhefeThe method has successfully been ap-
plied to the ferroelectric complex oxide, strontium barium

niobate (SfBa, _4Nb,Og) (SBN). L

SBN is an attractive ferroelectric material because it ex- W
hibits an exceptionally large electro-optiEO) coefficient, — |
I3, making it a potential material of choice for miniaturized S, 800
EO modulators, real-time holography applications, and infor- jsj 600
mation storage technologies. In particulieg; can be varied g 400

by changing compositions ration of Sr and Ba, thus achiev- ¢ 200

Thickness [nm]

ing values ofr ;3 10—40 times larger than obtained on con- 2 0 2 4 6 8

gruently grown lithium niobate, the current industry Position [em]

standard. FIG. 1. (a) Schematic representation of the substrate heater with a top plate

In our implementation, the temperature gradient over theielding a smoothly varying temperature profile) Temperature variation
across the substrate pldfiled circles, left scalpand obtained film thick-
nesg(filled circles, left scalg showing satisfactory temperature linearity and
¥Electronic mail: okuboi@ornl.gov thickness uniformity.
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sorption coefficienta. Accurate values of the optical func-

2'30% tions are obtained above and below the band edge, and are
220 . . . . .
| . : 1, 10\; con&stgnt, within efxperlmentall error, with pupllshed
500 600 700 300 ' values!® The 2-MGE is very sensitive to cross-polarization
Temperature [C] effects, which were not observed, indicating the films were
. 30F 178308007200 __—— ~__ highly c perpendicular, even near the heterointerface.
= 2.0F 830,800,720°C~_ = - 2-MGE therefore measures only the ordinary optical func-
=1Fw®) . ko2 =535 tions.
§800F ' - — A marked difference is observed between the optical
<%:400— 830'80% properties measured on a sample deposited at 500°C and
< o), . 530°C several samples obtained above 700°C. To illustrate this
2 ?Energy [ev‘i' 5 temperature dependence more clearly, we plot in Fig) 2

the refractive index at 2.0 eV as a function of the deposition
FIG. 2. (a) Normalized XRD intensity of SBK002) peaks(filled circles, left ~ temperature. An almost step-like change is observed between
scalg and refractive indexempty circles, right scajeat 2.0 eV. The XRD 600 and 650°C. with no further Change at higher tempera-
intensity is normalized by the Mg002) substrate peak intensity and the t Si i | fi f the | |
SBN film thickness as determined by 2-MG) Spectroscopic values of ures'_ 'r_]ce .Op Ica propgr 'eS. are a measurg 0_ e loca
the refractive index, the extinction coefficienk, and the absorption coef- coordination in the material, this dependence indicates that
ficient &, SBN:50 films grown on Mg@01), determined by 2-MGE. crystallization starts to occur around 600 °C but full grain

growth requires temperatures of at least 700°C. The de-

temperature gradient covering a range of temperatures frofff€ase in x-ray intensity above 750 ti@ a regime where the
200 to 830 °C over a distance of 7.5 ¢Fig. 1(b)] and in an optical properties and thus the short-range structure do not

oxygen background pressure between 100 mTorr and fhan_ge is _therefore interpreted in terms of a poorer epitaxial
% 107 Torr. In initial test runs, the temperature at 18 points'€lationship between the substrate and the film, and a broader
on the substrate holder was measured by individual thermdliStribution of grain orientations.

couples and shown to be highly reproducifite fact, the 18 To more clearly visualize and interpret the changes oc-
data points in Fig. (b) were obtained on six separate riins Curfing in theS(_-) films as function of deposition tempﬁt;;%ture,
A two-color pyrometer is then used for minor run-to-run ad- &tmic force microscopyAFM) and PFM measureme _
justments of the heater power. During film growth onto thisWereé performed in a configuration based on a commercial
temperature-gradient substrate holder, a position-dependeffM (MultiMode, NS 1A, Digital Instruments To avoid
laser repetition rate was used in combination with an oscilthe capacitive crosstalk, the gold-coated tips<(125um,
latory linear motion of this heater to obtain a uniform thick- 'ésonant frequency- 150 kHz) were mounted in a custom
ness distribution of SBN thin films on Mgoo01l) tip holder for direct tip biasingtypically 6V). Phasef and
substrated® These thicknesses were determined by two-2mplitudeA of vertical and lateral PFM signals were re-
modulator generalized ellipsometr{2-MGE)** measure- corded sequentially. Topographic images were processed us-
ments; as shown in Fig.(H), they vary by less than 15% ing usual line flattening; PFM phase and amplitude images
across the area of interest for this study (500—830°C).  are unprocessed.

St Bay Nb,Og (SBN:50 films were deposited at an Surface topography and piezoresponse images for films
oxygen pressure of 15 mTorr by impinging KrF excimer la- deposited at different temperatures are shown in Fig. 3. For a
ser (\=248 nm) pulses at an average repetition rate of 1@ieposition temperature of 750 °C, the surface exhibits well-
Hz and an energy density of 3.8 J&mn ceramic SBN:50 formed crystallites with average rms roughness of 1-2 nm
targets placed at a distance of 6.5 cm from the Na)  [Fig. 3(c)]. The PFM image shows nonvanishing amplitude
substrates. [Fig. 3(f)] and constant pha$€ig. 3(i)], indicating that these

X-ray diffraction (XRD) shows that crystallized SBN films are uniformly ferroelectric and have a preferential po-
films are obtained above 650°C with an SBR1)/ larization orientation. An unusual surface morphology was
MgO[001] epitaxial relationship. Growth occurs via a rota- observed for the sample deposited at 66QFg. 3(b)]. The
tion of the SBN110] orientation of 18.43° with respect to film forms a number of nearly square features. The dominant
that of the MgO substrate, as determined from x-ray phipart of each of these “islands” is in a singtedomain state
scans, and is consistent with a previous repofo visualize ~ as evidenced by high vertical response amplitifelg. 3(e)]
the dependence of crystallinity as a function of growth tem-and uniform phas¢Fig. 3(h)] and the lack of lateral PFM
perature, we normalize the intensity of the SBBR) reflec-  signal (not shown. The near-zero PFM amplitude and high
tion peak | sgy(o0z) With respect to the intensity of the phase noise outside of these islands suggest that this portion
MgO(002) (I ygo(002) @nd the slightly varying film thickness of the film has extremely weak electromechanical properties.
d, i.e., | norm=1'sen(002)/ (I mgo(ooz/d) - Finally, for the low deposition temperatures (530 °C), the

As shown in Fig. 2a), strong crystallization occurs at film surface is virtually flat with extremely small rms rough-
temperatures above 650—700°C, with the strongest valug®ess[0.5 nm, Fig. 88)]. The PFM imagdFig. 3d)] is de-
of |,om Observed between 700 and 750 °C. At higher subvoid of any observable features, and the PFM pHése.
strate temperatures, the x-ray intensity corresponding to thi8(g)] shows high noise; therefore, we can conclude that this
normal orientation decreases. sample is not electromechanically active.

Figures 2Zb) and Zc) depict spectroscopic values of the These observations are consistent with the combined el-
refractive indexn, the extinction coefficienk, and the ab- lipsometry and x-ray data, indicating in fact that a uniformly
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To summarize, a temperature-gradient apparatus based
on radiative substrate heating allows us to simultaneously
deposit thin films onto multiple samples at different growth
temperatures spanning a range of 500°C. For a series of
Sip.sBag sNb,Og films on MgQ(001) substrates, variations in
optical properties and ferroelectric domain structures were
clearly observed as function of growth temperature, and
these physical properties can be related to their different
crystalline quality. The results indicate a sharp “step” in the
refractive index near 650 °C but full crystallization occurring
only at a slightly higher temperature.
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