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Abstract

High quality thin films of electronic ceramics are currently being deposited by pulsed laser deposition (PLD) for a variety
of applications. Examples of these applications include ferroelectric thin films for active microwave electronics and
rare-earth doped manganite thin films for uncooled infrared focal plane arrays (IRFPAs). Single phase and oriented
Sr,Ba( - 4TiO; films have been deposited by PLD onto (100) substrates of LaAlO; for active microwave devices. The
dielectric properties of these films has been measured using gold interdigital capacitors deposited on top of the film, A 2:1
change in the capacitance can be achieved using a 40 V bias across a 5-10 um capacitor gap. The dissipation factor
(measured at 1 MHz) depends on film composition and temperature. Rare-earth manganite (RE M, _,MnO;) thin films
have also been deposited by PLD for use in uncooled IRFPAs. The temperature dependence of the resistivity has been
measured for Lag ¢,Cag33;MnO; and Lag g, Srg33MnO; thin films deposited onto LaAlQ, substrates. Film properties depend
strongly on composition and post-deposition processing conditions to vary the oxygen stoichiometry. The temperature
coefficient of resistance (TCR) has been measured to be between 2 and 15%. Based on preliminary measurements, these
films will increase the sensitivity of the uncooled IR detector to be comparable or greater than a cooled detector based on

HgCdTe.

1. Introduction

Pulsed laser deposition (PLD) is a new physical vapor
deposition technique that is making available thin films of
complex multicomponent materials for the design and
fabrication of advance electronic devices [1]. Single phase
and epitaxial thin films can be deposited in situ, requiring
no further post-processing to achieve the desired proper-
ties. Recent applications of PLD include high temperature
superconductors, ferroelectrics, magnetoresistive materials
and ferrites [1].

As an example, ferroelectric thin films grown by PLD
are currently being explored for development of frequency
agile microwave electronics [2,3]. These devices take ad-
vantage of the electric field dependence of the dielectric
constant in the ferroelectric film. Tunable, high Q, low
loss resonant structures can be fabricated from normal
metal-ferroelectric and HTS-ferroelectric thin film multi-
layers. Several critical issues need to be addressed for the
fabrication of ferroelectric thin films for microwave appli-
cations. These issues include the characterization of thin
film properties at microwave frequencies to determine the
structural properties affecting the dielectric constant, tun-
ability, Curie temperature and dielectric losses.

Sr,Ba - ,TiO; (SBT) is ideally suited for the develop-
ment of ferroelectric based microwave electronics. The
Curie temperature of bulk SBT ranges from 30 to 400°C
for x between 1 and 0, respectively [4]. The ability to
control the dielectric properties in a simple way will allow
prototype device structures to be easily optimized for
maximum tunability and minimum loss at the desired
frequency. We have investigated the growth of SBT thin
films by pulsed laser deposition (PLD) and characterized
the dielectric constant, loss tangent and dc field effect at
frequencies from 1 MHz to 10 GHz.

A more recent application of electronic ceramics de-
posited by PLD has been found in rare-earth manganites
films. Colossal magnetoresistance (CMR) with
Ry—o/ARy ~ 100000% has been observed in thin films
of rare earth manganites deposited by PLD [5-7]. These
materials will have applications in magnetic field sensing
and magnetic recording. These materials display a large
temperature dependent resistivity and this property is cur-
rently being explored for the development of uncooled
infrared focal plane arrays with comparable or enhanced
sensitivity to cooled HgCdTe detectors. The materials
currently being investigated are RE .M, _ . MnO; (RE = La,
Pr and M = Ca, Ba and Sr).
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2, Experimental

Thin films were deposited by PLD onto single crystal
substrates. The output of a short pulsed (30 ns FWHM)
excimer laser operating on KrF (248 nm) was focused to
an energy density of 1-2 J/cm? onto a stoichiometric
target. SBT targets {x = 0-0.8) were prepared by mixing
appropriate amounts of SrTiO; and BaTiO; powders,
pressing 3 /4" diameter targets to 15000 pounds and then
annealing overnight in flowing oxygen to a maximum
temperature of 750°C. For the rare earth manganites, fully
reacted, phase pure targets were prepared from the compo-
nent oxides. Stoichiometric mixtures were repeatedly mixed
in a mortar and pestle and then pressed into 3 /4" pellets
which were heated at temperatures from 1100 to 1500°C in
air.

The target substrate distance was fixed at 3 ¢m. Films
were deposited in flowing oxygen (~ 10 sccm) onto heated
substrates (600-850°C). Substrates were attached using
silver print to a stainless steel block which was heated by
the output from two 360 W quartz-halogen lamps. The
laser repetition rate was 5-10 Hz. Film deposition rates
were ~ 2.5-3 A/laser pulse on 1.0-1.5 cm? substrates.
X-ray diffraction patterns were obtained using Cu K, ra-
diation from a rotating anode source using the standard
9-26 geometry.

For the interdigital capacitors on top of the SBT films,
a thick Au or Ag film was deposited by e-beam evapora-
tion through a PMMA mask to a thickness of 1-2 um.
Film properties were determined using a HP HP4284A
LCR at 1 MHz and an HP 8753A network analyzer from 1
to 10 GHz. For the rare-earth-manganites, the resistance
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versus temperature was measured using a standard four-
point probe technique.

3. Results
3.1. Ferroelectric thin films

SBT films were found, by X-ray diffraction, to be
single phase and well-oriented. Fig. 1 shows a 6/26 scan
for x = 0.5 which is typical of all the compositions investi-
gated. The film is exclusively (001) oriented with a (002)
w-scan FWHM of only 0.19°. Typically, w-scan curves for
the SBT films ranged from 0.3 to 0.7° for the (002)
reflection. However, for several films, the w-scan was near
or at the 1/6° resolution of the diffractometer.

Further characterization of the film structure was made
using monochromatic synchrotron radiation. Fig. 2 shows
the rocking curve for the SBT (002) reflection measured
with synchrotron radiation of 8.0 keV at the National
Synchrotron Light Source using the X-14B beam line [8].
The FWHM for SBT(002) was found to be 72 arcseconds
and the substrate (LaAlO; (002)) to be 36 arcseconds.
Although there is a large mismatch between the SBT film
and the LaAlOj; substrate (4%), the rocking curve width is
comparable or better than that observed for semiconductor
films grown by molecular beam epitaxy for a similar
film-substrate mismatch and comparable film thickness.

The dielectric properties of the ferroelectric films have
been measured at 1 MHz and 1 GHz. At 1 MHz, measure-
ments were made as a function of temperature while
cooling for several dc bias electric fields. At 1 GHz
measurements were made at room temperature and 65 K
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Fig. 1. X-ray diffraction pattern of SrTiO; (STO) grown on LaAlQ,. Inset shows an w-scan for the (002) reflection. The splitting of the
peak is the result of twinning in the substrate. The individual peaks in the w-scan have a FWHM < 0.2°.
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Fig. 2. X-ray rocking curve of SrysBag sTiO; (002)/LaAlO; as
measured on a high resolution four circle diffractometer with
synchrotron radiation (8.0 keV) at Brookhaven National Labora-
tory.
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for several dc bias electric fields. The 1 MHz measure-
ments are shown in Fig. 3. In Fig. 3, the capacitance and
dissipation factor are presented for the SrTiO; thin film.
Several dc electric field biases were applied from O to 80
kV /cm (40 V applied for a gap spacing of 5 wm). The
capacitance is suppressed by as much as 48% with increas-
ing dc bias, and the peak in the capacitance (72 K with
zero dc bias) shifts to higher temperatures with increasing
dc bias. This behavior is typical of a ferroelectric under the
influence of a dc bias [9]. There are two peaks in the
dissipation factor at 95 K and 62 K which correspond
closely in temperature to structural phase transitions in
bulk SrTiO,;. Bulk SrTiO; undergoes non-ferroelectric
structural phase transitions from cubic to tetragonal at 105
K and from tetragonal to orthorhombic at 65 K [9].

In general, the thin film ferroelectric properties are
different from the corresponding bulk. Previous trilayer
measurements indicated that the dielectric constant of the
thin film was reduced, by almost a factor of 5 for the thin
film [10]. In addition, the temperature dependence of the
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Fig. 3. Capacitance and dissipation factor for a SrTiO; film grown
on LaAlO;. The measurements were made at 1 MHz with dc bias
in 5 V increments up to 40 V maximum across a 5 pm gap.

Fig. 4. Scanning electron micrograph for a 7 um thick
Sry35Bag¢sTiO; film showing cracking and delamination due to
nonuniform strain.

dielectric constant is much broader than the bulk. The
large lattice mismatch between the film and the substrate
(4%), the enlarged lattice parameter (in the direction per-
pendicular to the substrate surface), and the small grain
size of the film suggest that the differences between the
film and the bulk may arise from strain.

The presence of strain in SBT films grown on LaAlO,
becomes readily apparent in thick films. Fig. 4 shows an
SEM photomicrograph of a ~7 pum thick SBT film,
x=0.65. The film exhibits severe cracking and delamina-
tion. In particular, the delamination results in curved strips
of SBT indicating that the strain is non-uniform perpendic-
ular to the interface. The strain can result from several
contributions: lattice mismatch, twinning in the substrate,
and differences in the coefficient of thermal expansion
between the film and substrate. Differences in the coeffi-
cient of thermal expansion can be ruled out as a major
contribution, since the film cracked during film growth at
which time the temperature was kept constant. To investi-
gate this non-uniform strain in the thin films (~ 0.6 pm)
which typically do not crack, we measured line broadening
in the X-ray diffraction peaks. Two major contributions to
the broadening are non-uniform strain and crystallite size.
Williamson and Hall [11] have shown that these contribu-
tions can be combined and expressed as:

B cos 6 1 sin 6
———=—+4de , e
A D A

where B represents the line width at half maximum, & is
the Bragg angle, & is the strain, and A is the wavelength
of the X-rays. By plotting ( 8 cos 8/A) versus (sin 8/A),
one expects a straight line where the slope is proportional
to strain, &, and the intercept is proportional to the crystal-
lite size, D. We investigated the non-uniform strain in the
[001] direction by measuring the X-ray peaks for the
higher order reflections off of (00/) planes out to (004). To
obtain the peak width and the Bragg angle, the lines were
fit using two lorentzian peaks, one for K, and the other
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Fig. 5. Williamson and Hall [11] representation of the non-uni-
form strain and crystallite size contributions to the line broaden-
ing. Plotting B cos 8/A versus sin 6 /A yields a straight line
whose slope is proportional to strain and whose intercept is
proportional to crystallite size.

for K,,. From the fitting parameters the Bragg angle and
the peak width can be obtained. By plotting the fitting
results using Eq. (1), we obtained the straight lines shown
in Fig. 5. The strain and approximate crystallite size can be
determined from the slope and intercept respectively. The
strain is ~ 0.1% in all cases except the x = 0.65 composi-
tion. This is a very large strain for a ceramic material.

In an attempt to remove some of the strain, films were
post-annealed in flowing oxygen at 900°C for 8 h. After
annealing the as-deposited films, significant changes were
observed in the dielectric properties. Fig. 6 shows the
capacitance and dissipation factor as a function of tempera-
ture for the as-deposited and annealed films of SBT (x =
0.35). The measurements were made at 1 MHz without a
dc bias electric field. The peak of the annealed film
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Fig. 6. Capacitance and dissipation factor versus temperature for

Sry.35Bag ¢5TiO; as-deposited and annealed films. Measurements
were made at | MHz without a dc bias field.
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Fig. 7. Capacitance versus electric field and bias voltage tempera-
ture for Sry;5Ba,6sTiO; for as-deposited and annealed films.
Measurements were made at 1 MHz.

increased in temperature by 26 K which is only 10 K
below the bulk transition temperature, Also, the breadth of
the temperature dependence is narrower in the annealed
film. When cooling the film from 375 K to 30 K, the
dissipation factor in the as-deposited film increased imme-
diately with decreasing temperature, but the annealed film
had a lower dissipation factor at high temperatures which
did not increase until the temperature was closer to the
transition temperature. The temperature at which the dissi-
pation factor was maximized also shifted closer to the
capacitance peak after annealing.

Significant improvements in device performance can be
achieved by post-annealing the ferroelectric films. Fig. 7
shows the capacitance as a function of dc bias. From these
results the maximum tunability is found to be 20% for the
as-deposited films and 32% for the annealed films. The
maximum tunability occurs at the peak where the dissipa-
tion factor is largest. A better comparison for device
applications would be in a region where the losses are
lowest. The lowest loss for the as-deposited film is 7 X
1073 where the tunability is only 1%, but for the same
loss tangent in the annealed film there is 8% tuning.
Furthermore, the annealed film has a loss tangent as low as
4% 1073 where a tuning of 2.4% is still available.

3.2. Rare-earth doped manganites (RE M, _ ,MnO;)

Recently, extremely large magnetoresistance (Ry.,/
ARy) has been discovered in thin films of rare earth
substituted manganites, RE M, _ ,MnO, (M = Sr, Ba, Ca,
Pb; RE = Pr,Nd,La) deposited by PLD [5~7]. Annealing of
these films for a short period of time in oxygen results in
magnetoresistance values exceeding 100000% at 77 K and
2 T. This new magnetoresistance regime is called colossal
magnetoresistance (CMR). Further annealing of these films
results in a decrease in the magnetoresistance. In addition,
bulk, polycrystalline materials and single crystals of rare
earth substituted lanthanum manganites only show a mod-
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erate magnetoresistance (~ 100%). While strain, dimen-
sionality and morphology may play a significant role in
differentiating the properties of bulk polycrystalline mate-
rials from oriented thin films, annealing of the bulk mate-
rial in oxygen has been shown to result in a large variation
in the Mn®*/Mn** ratio.

The majority of research that is currently being done on
these new materials involves developing a better under-
standing of the CMR effect and optimization of the mag-
netic properties. However, the large temperature depen-
dence of the resistivity is being explored for use in infrared
sensors based on silicon microbolometers. The detector
sensitivity in IR sensors which are based on these struc-
tures, is limited by the low temperature coefficient of
resistance (TCR) of the active element. Absorption of IR
radiation by the bolometer is detected as a change in the
resistivity of this element [12]. New materials with larger
TCRs will be required for this technology to be competi-
tive with actively cooled, semiconducting detectors. Cur-
rently, silicon microbridges are coated with a VxOy thin
film. State-of-the-art V,O, has a reported —2% TCR at
room temperature. Under properly optimized conditions,
the rare earth doped manganites offer the possibility for
dramatically improving the sensitivity of microbolometers.
For a microbolometer with a coating that has a TCR of
8%, the detector sensitivity approaches that of a detector
based on HgCdTe (MCT) at a significantly reduced size,
weight, power consumption and cost.

Laj¢,Caf33MnO; coatings were deposited by PLD
onto single crystal substrates of LaAlO;. The structure of
the Layg,Cag33MnO;s films was sensitive to both the
substrate deposition temperature and the oxygen pressure.
X-ray diffraction spectra for Lagg,Cag33MnO; films de-
posited at 600°C as a function of oxygen deposition pres-
sure are shown in Fig. 8. An analysis of the X-ray diffrac-
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Fig. 8. X-ray diffraction pattemns for La, ¢;Ca 33 MnO; thin films
deposited onto (001) LaAlO,. Film were deposited at a substrate
temperature of 600°C at oxygen pressures from 15 to 400 mTorr.
S refers to reflections for the substrate.
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Fig. 9. R(T) for La,gCags3Mn0O; thin films deposited onto
(001) LaAlO; at 600°C and 700°C at various oxygen deposition
pressures.

tion data indicates that the films are oriented and single
phase with an oxygen pressure-dependent-lattice parame-
ter. As the oxygen deposition pressure increases, the lattice
parameter decreases which corresponds to an increase in
8. The diffraction peaks have been assigned to an or-
thorhombic structure. At low oxygen deposition pressures
(15 and 50 mTorr) the film is exclusively (202) oriented.
An w-scan of the (202) peak for the film deposited at 15
mTorr had a FWHM of 0.16° which is at the 1/6°
resolution of the diffractometer. As the oxygen pressure
was increased from 15 to 400 mTorr, a second orientation
was observed. At 400 mTorr, the deposited film was
mostly (040) oriented. An w-scan on the (040) reflection
had a broader FWHM of 0.69°.

R(T) was sensitive to substrate deposition pressure and
temperature as shown in Fig. 9. At 600°C, the maximum in
the resistivity (7,,) varied from 73 to 93 K. The relatively
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Fig. 10. R(T) for Lag¢;Sr,33MnO; thin films deposited onto
(001) LaAlO; substrates. The films were first annealed at 900°C
in oxygen, then subsequently annealed at 500°C to diffuse oxygen
into or out of the film.
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Fig. 11. %TCR for thin films of La, ¢;Sr, ;3MnO; deposited onto
LaAlO, substrates.

small change in the R(T) behavior is in stark contrast to
the relatively large change in oxygen stoichiometry. For
films deposited at 400 mTorr, a significant difference is
observed in T, between 600 and 700°C. For the film
deposited at 700°C, T, is shifted to ~ 150 K. This is
again in contrast to what is observed in the X-ray diffrac-
tion patterns which show the film structure to be similar.

The resistivity as a function of temperature was also
sensitive to post-deposition annealing of the RE.-
M,_,MnO; films. Shown in Fig. 10 is R(T) for a
Lag ¢, Sry33MnO; film which has been annealed in vac-
uum. As oxygen diffuses out of the film, the peak in the
R(T) curve is shifted to lower temperature. This family of
curves is reproducible and the R(7T) maximum can be
shifted back to higher temperatures by re-annealing in
oxygen. For the microbolometer, the steep slope in the
R(T) must be near room temperature. The slope can either
be positive or negative. The R(T) curves are asymmetric
with the steepest slope observed in the metallic state. From
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Fig. 12. %TCR for Lag¢,Ca;33MnO; and Lag ¢St 33Mn05 thin
films deposited onto (001) LaAlQ, substrates.

the data presented in Fig. 10, we can calculate the deriva-
tive which when normalized to the film resistance (< 100)
gives the %TCR (Fig. 11). The maximum TCR for this
film is found to be only about 4% however, the maximum
can be shifted from 265 K to 320 K.

In addition to oxygen, it is likely that strain plays a
significant role in determining the maximum %TCR. As
deposited films exhibit a relatively small TCR and have a
TCR maximum at low temperatures. Annealing of the film
in oxygen leads to an decrease in the film resistivity, a
increase in & and presumably, a decrease in film strain.
The R(T) maximum increases and the slope of R(T)
increases in the metallic state, leading to an increase in
TCR (Fig. 12). Continued annealing in oxygen results in a
decrease in the resistance, a increase in the R(T) maxi-
mum and a decrease in the TCR. In the highly annealed
state, film strain has been reduced. It is likely that an
optimized film for microbolometer applications will re-
quire some post deposition processing that allows for
oxygen migration (positioning the steepest slope for R(T)
at or near room temperature) and strain.

4, Conclusion

High quality Sr.Ba .. TiO; thin films have been de-
posited by pulsed laser deposition by pulsed laser deposi-
tion onto single crystal substrates of (100) LaAlO,. The
deposited films exhibit a field dependent dielectric con-
stant although the thin film properties are significantly
different from the corresponding bulk material. Presum-
ably these differences arise from strain, which is removed
significantly by a post deposition anneal. The high fre-
quency-data show that ferroelectric thin films can be used
to fabricate low loss active microwave devices. Another
class of electronic ceramics (RE,M,_,MnO;) thin films
is currently being investigated for use in IRFPAs. These
materials exhibit a large temperature dependent resistivity
that depends on composition (RE and M), strain and 8. A
large %TCR (15%) has been observed for
Lay ¢, Cag33MnO;. It should be possible to optimize these
thin film to achieve a large %TCR at room temperature.
Uncooled IR detectors fabricated from silicon micro-
bridges coated with RE M,_ . MnO; thin films should
have comparable or greater sensitivity than detectors based
on HgCdTe.
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