Research Article

ACS
Combinatonal
ience

pubs.acs.org/acscombsci

Combinatorial Pulsed Laser Deposition of Magnetic and Magneto-
optical Sr(Ga,Ti,Feg34_040)03_5 Perovskite Films

Xue Yin Sun,*"* Chen Zhang,dr’§ Nicolas M. Aimon,” Taichi Goto,” Mehmet Onbasli," Dong Hun Kim,"

Hong Kyoon Choi,Jr and C. A. Ross*"

TDepartment of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, United

States

*School of Materials Science and Engineering, Harbin Institute of Technology, Harbin 150001, People’s Republic of China

§Singapore-MIT Alliance, National University of Singapore, 4 Engineering Drive 3, Singapore 117576

ABSTRACT: Ferromagnetic Sr(Ga,Ti,Fey34 040)O03-5 (0.1 < %, y <
0.5) films with single-crystal perovskite structure were epitaxially grown
on (001) (LaAlO;)y5(Sr,AlTaOg),, substrates by combinatorial pulsed
laser deposition (CPLD) and compared with previous results from films
grown from single targets. In CPLD films the Fe was present as both Fe*
and Fe®'. The distribution of Sr, Ga, Ti, and O was homogeneous, but
Fe-rich nanowires with diameter of 3 nm were present perpendicular to
the film plane. The unit cell was tetragonally distorted with the ratio of
out-of-plane to in-plane lattice parameter decreasing from 1.06 to 1.02 as
the Ga content increased. The magnetic easy axis of the films changed
from out-of-plane when Ti content y > 0.3 to isotropic as the Ga content
increased, consistent with a reduction in magnetoelastic anisotropy. The
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Ga lowered the Faraday rotation and the magnetization but increased the

optical transmittance.
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B INTRODUCTION

Nonreciprocal photonic devices such as optical isolators or
circulators' > rely on magneto-optical (MO) materials.
Integrated nonreciprocal photonic devices require a MO
material with not only a good figure of merit (FOM, the
Faraday rotation divided by optical absorption) but the ability
to be grown on a semiconductor substrate.** The most widely
studied MO material in the near-IR is iron garnet,é_11 but
magnetically substituted perovskites with generic formula ABO;
offer an alternative in which the magnetic and optical properties
can be tuned by substitutions on the A and B sites.”””"’
Perovskite films can be grown epitaxially on silicon using buffer
layers, and the magnetic and MO properties of several
compositions have been explored, including Sr(TiFe)O,
(STF) and Sr(Ti,Co)O,,">™"* both of which showed room-
temperature ferromagnetism, high resistivity and a significant
MO eftect at communications wavelengths around 1550 nm.

In our previous work, it was found that substituting Ga** on
the Ti*" sites of STF with 40% Fe could improve the MO
performance compared to STF. Ga reduced the saturation
magnetization and Faraday rotation but it also lowered the
optical absorption by reducing the amount of Fe** ions present,
overall enhancing the FOM at 1550 nm."> The ~400 nm thick
Sr(Ga,Ti,Fe;_,_,)O;_; (GaSTF) films were grown in vacuum
by pulsed laser deposition from a single target, requiring a new
target to be made for each different composition film.
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Combinatorial pulsed laser deposition (CPLD) provides an
efficient process to grow a set of films with a composition range
under the same conditions of temperature and gas
ambient."® ' This article describes GaSTF thin films made
by CPLD including magnetic properties, cross-sectional
imaging and elemental mapping of films, and compares the
results with those of films made by conventional PLD from a
single target. GaSTF films were made by sequentially ablating
two targets: Sr(GaggsFegs5)O0; (SGF3S) and Sr(TiggFeq40)O3
(STF40). The magnetic properties of the films were measured
and discussed in terms of the film composition, microstructure,
and elemental distribution.

B EXPERIMENTAL METHODS

Sr(GaxTinel_x_y)O3_5 (GaSTF, 0.1 < «, y £ 0.5) films with
single-crystal perovskite structure were grown on (001)
(LaAlO4),5(Sr,AITa0g),; (LSAT) substrates by combinatorial
pulsed laser deposition from targets of SrGajgsFej350;
(SGF3S) and SrTiyeFey400; (STF40) in a Neocera PLD
system. O represents the oxygen deficiency in the films, which
were grown without adding oxygen to the chamber. The
substrate holder and the deposition method were the same as
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Table 1. Composition and Thickness of the Samples at Different Substrate-Holder Positions

Substrate-holder position film composition and thickness

Deposition
conditions 1 3 S
Group 1 Sr(Gag 30T 10F€040) O3-5 (GaSOSTE), Sr(Gag 40Tip22Fen35)O3.5 (Ga40STE), Sr(Gag 5 Tip.37Fe035) O35 (Ga28STE),
350 nm 340 nm 310 nm
Group 2 Sr(Gag43Tio,15Fe030) O35 (Ga43STF), Sr(Gag 3, Tip32Fen3,) O35 (Ga31STE), Sr(Gag 19Tip.47Fe034)O3.5 (Gal9STE),
200 nm 240 nm 300 nm

described in ref 22. Substrates were placed on the substrate
holder in three positions labeled 1, 3, and S, such that positions
1 and S were 5 cm apart and 3 was at the midpoint. The area of
each substrate was S X S mm” Both the target and the sample
holder were rotated so that sample 1 was directly above the
SGF3S target whereas sample S was above the STF40 target
during deposition, ensuring that the Ga content decreased and
Ti content increased from sample 1 to sample S.

The SGF3S target was made by conventional ceramic
fabrication processing from >99.9% pure SrCO;, Fe,0;, and
Ga,0; powders, which were calcined at 1200 °C and finally
sintered at 1250 °C in air. For the STF40 target, the mixtures of
powders (SrCO;, Fe,O;, and TiO,) were calcined at 1250 °C
for 3 h and sintered at 1400 °C for S h. The targets were
ablated by a KrF excimer laser with wavelength of 248 nm
operating at 10 Hz and a fluence of 2 J/cm® The substrate
temperature was 630 °C, and the chamber pressure at the
beginning of deposition was 3.0 X 107° Torr. The distance
(Dgr) between substrates and the targets was 8 cm. There were
two groups of samples fabricated at the same substrate
temperature, Dgy, chamber pressure and laser parameters.
Samples in group 1 were made under a deposition cycle of
[STF40 100 pulses + SGF35 100 pulses] X 500, those in group
2 under [STF40 100 pulses + SGF35 S0 pulses] X 500. This
leads to group 1 samples being richer in Ga than group 2. The
number of pulses was chosen so that less than one monolayer
of perovskite was deposited from each target before moving to
the other target, ensuring good mixing of cations within the
film.

Phase identification and texture analysis were carried out
using X-ray diffraction. Conventional 20 — @ Bragg diffraction
measurement was done on a PANalytical X’pert Pro MPD
diffractometer. X-ray reciprocal space mapping (RSM) was
done on a Bruker HRXRD system with Ge(022)x4
monochromator. X-ray photoelectron spectroscopy (XPS)
was done on a Kratos Axis Ultraspectrometer with a
monochromated Al Ka source and a hemispherical analyzer.
The high resolution spectrum at the Co K-edge was measured
with a pass energy of 20 eV and an energy resolution of 0.3 eV.

The cation composition of the films was measured by
electron microprobe, though the oxygen deficiency 6 could not
be determined by this method. The thickness was measured by
surface profilometry (KLA-Tencor P-16+ stylus profiler). The
results are shown in Table 1, where the error in thickness and
composition measurement is estimated to be less than 5%.
Samples for transmission electron microscopy (TEM) obser-
vation were prepared using a focused ion beam (FEI-600), and
then observed on a JEOL 2010F field emission TEM, at a 200
kV acceleration voltage. The element distribution in the sample
was analyzed by STEM EDX.

Magnetic properties were characterized at room temperature
by vibrating sample magnetometry (VSM) using an ADE
Technologies VSM Model 1660. Faraday rotation was
measured at 1550 nm wavelength on a custom apparatus at
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room temperature, with the field and light propagation
directions perpendicular to the film. Optical transmission
spectra were recorded on a Cary 500i UV—Vis—NIR Dual-
Beam Spectrophotometer at 200—1700 nm wavelength.

B RESULTS AND DISCUSSION

The data in Table 1 shows that the Ga content of samples
decreased from sample 1 to S, while the Ti content increased,
as expected from their locations with respect to the targets
during deposition. The trends in thickness across the samples
indicated that the deposition rate per pulse from the SGF3$
target was slightly higher than that from the STF40 target. This
illustrates that to obtain a uniform film thickness across the
sample series it is necessary to select conditions leading to the
same thickness per cycle for each target, that is, the
composition gradient and the thickness gradient are not
independent.

The one-dimensional XRD scans are shown in Figure la—d,
indicating a single-crystal perovskite structure with (001)
orientation for all films and no other detectable phases present.
F(00!) and S(00!) indicate diffraction peaks of the film and the
substrate, respectively. The F(002) peaks were shifted to lower
angle with increasing Ga content because the ionic radius of
Ga®* (0.62 A) is larger than that of Ti*" (0.605 A),* increasing
the unit cell volume with Ga content. There was no distinct
splitting of the peaks indicating strain-relief, as seen in our prior
work on GaSTF, but this could be due to the film thickness
being below the critical thickness observed in Ref. 15. There
was, however, a broadening and asymmetry of the peaks in
group 1 samples which suggests an inhomogeneous strain state.
The out of plane lattice parameters of the films deposited by
CPLD and conventional PLD *° are shown in Figure.1g,
determined from one-dimensional XRD. The lattice parameters
were calculated from the highest intensity of the peak, which in
group 1 gave a lower bound to the lattice parameter due to the
peak asymmetry.

Figure le and f shows the RSM of Sr(GagsTig10F€040) O35
(GaSOSTF) and Sr(Gag,gTig3,Feqs5)0;5_5 (Ga28STF), respec-
tively, around the asymmetric LSAT (103) peak. The lattice
parameters of the substrate (LSAT) measured by RSM were
3.872 + 0.004 A in plane and 3.867 + 0.004 A out of plane, and
the unit cell volume of LSAT was 57.98 + 0.02 A3, similar to
prior measurements.' >

From RSM, the group 1 sample Ga28STF had a well-defined
in-plane lattice parameter of a = 3.872 + 0.004 A, the same as
that of the substrate. The out of plane lattice parameter showed
a broad peak in gq,. The highest intensity corresponded to ¢ =
4.117A, that is, ¢/a = 1.063 + 0.002 indicating considerable in-
plane compressive strain, but there was also significant intensity
at lower g, corresponding to ¢ as low as ~4.04A. The range in
diffraction angles supports the interpretation of an inhomoge-
neous out of plane strain in the film, as suggested by the 1D
scans. The RSM and 1D XRD out-of-plane lattice parameters
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Figure 1. XRD results and X-ray reciprocal space maps of GaSTF films on LSAT. (a, b) IDXRD 26 — @ scans for group 1 films; (c, d) IDXRD 26 —
® scans for group 2 films; (e, f) X-ray reciprocal space maps of Sr(GaysoTig10Fe0.40)O3_5 (GaSOSTF) and Sr(Gayg,3Tiy37Feqs5)O0;5 (Ga28STF)
respectively around the asymmetric LSAT (103) peak. The color scale indicates the peak intensity on a log scale. (g) out of plane lattice parameter of
the films as function of Ga content. The three group 2 films had higher lattice parameters than the three group 1 samples.

differed, but using the peak RSM data the unit cell volume was
V =61.724 + 0.02 A3, i.e. the pseudocubic lattice parameter p =
V' was 3.952 + 0.004 A.

In contrast, the GaSOSTF film was partly relaxed in-plane
with a = 3.957 + 0.004 A, ¢ = 4.044 + 0.004 A, that is, ¢/a =
1.022 + 0.002, V = 63.320 + 0.02 A% and p = 3.986 + 0.004 A.
The RSM peak showed less spread in g, than that of the
Ga28STF, that is, less strain inhomogeneity.
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Interpolation of the 1D XRD data for the out-of-plane lattice
parameter of 400 nm thick GaSTF films deposited from a single
target, ref 1S, yields a c-axis lattice parameter of 4.093 A for
Ga28STF and 4.050A for GaSOSTF. This represents a decrease
in ¢ with increasing Ga, unlike the 1D XRD data for the CPLD
films. However, the unit cell volume of the films in ref 15
actually increased with Ga content because the in-plane lattice
parameter a increased with Ga content, indicating an in-plane
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Figure 2. XPS spectra from films of Sr(Gays,Tiy 0Fe040)O3-s (GaSOSTF), Sr(Gag4Tiy,,Fe33)O0s_5 (Ga40STF), and Sr(Gag,5Tip3,Feq35)O5 s
(Ga28STF) showing the peaks of (a) Sr 3d, (b) Ga 2p, (c) Ti 2p, (d) Fe 2p, and (e) O Is.

relaxation. Indeed, the unit cell volume increased from 59.18 A3
at 0% Ga to 64.62 A3 at 60% Ga, and the c¢/a ratio decreased
from 1.08 at 0% Ga to 1.01 at 60% Ga in Ref. 15. The unit cell
volumes from Ga28STF and GaSOSTF fall between these
values, even with the uncertainty in the Ga28STF c-parameter.
The results suggest that the single-target and CPLD films had
similar unit cell volumes, but there was a much greater amount
of strain relaxation in the single-target films. The greater strain
relaxation for the single-target films is attributed to their greater
thickness than the films in the present study.

The films in group 2 showed a considerably higher out-of-
plane lattice parameter than those in group 1 from 1D XRD.
The peaks were more symmetrical and suggest that the films
did not undergo strain relaxation, perhaps because they were
thinner. If we assume the in-plane lattice parameter matched
that of the substrate, the unit cell volumes (e.g, Gal9STF
60.78 A, Ga43STF 61.42 A%) are roughly consistent with those
of the group 1 samples. The data therefore show that both
CPLD and single-target films have an increase in unit cell
volume with Ga, but the degree of strain relaxation varies
between sample sets. Whether this difference in strain

643

relaxation is due to the lower thickness of the CPLD samples
or to inherent variations between CPLD and single-target PLD
is not yet known.

Figure 2 gives the XPS results of the group 1 films. Figure
2a—e shows the XPS core level spectra of Sr 3d, Ga 2p, Ti 2p,
Fe 2p, and O s, in samples GaSOSTF, Sr(Gag4Tig2.Feqss)-
O;_s (Ga40STF) and Ga28STF. The binding energies (BE)
were corrected by using the surface contamination C 1s peak at
285.0 €V as a reference (not shown). The C 1s peak shape and
position were similar for all samples. Compared with GaSOSTF,
the Sr 3d peaks shifted to lower BE by 0.35 eV in Ga40STF and
0.64 eV in Ga28STF, while the BE of Ga 2p, Ti 2p did not vary.
The Fe 2p results indicate that Fe was mainly present as Fe’*,
but there was also a Fe?* peak at 717.0 eV.>* The 719.0 eV Fe®*
satellite peak increased with Ga content. There was no evidence
for Fe** in the GaSTF films deposited by CPLD, unlike prior
work where Fe** and Fe*" were found in GaSTF from a single
target,'> which might indicate a greater oxygen deficiency in the
CPLD films. This would suggest that the CPLD films should
have a higher unit cell volume for the same Ga content, but the
uncertainties in determining unit cell volume and the other

dx.doi.org/10.1021/c05000773 | ACS Comb. Sci. 2014, 16, 640—646
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differences in composition obscure any systematic observation.
The main oxygen peak (Ols) was shifted toward higher BE
with increasing Ga, which was attributed to an increase in
oxygen vacancy concentration with Ga content.*®

TEM images and elemental mapping of the Ga28STF film
are shown in Figure 3. The film thickness was about 310 nm.

Figure 3. Transmission electron microscopy (TEM) and elemental
mapping of the Ga28STF film on a (001) LSAT substrate. (a) Bright
field TEM image of the film; (b) HRTEM image of a nanowire in the
film (marked between the yellow lines); (c) STEM image and STEM-
EDX element mapping of the film.

The film was epitaxial with narrow out-of-plane features
(nanowires) of diameter ~3 nm. The spacing of the (011)
planes was 2.77 A, Figure 3a, b, consistent with the XRD lattice
parameter. The elemental mapping in Figure 3¢ showed that
the distribution of Sr, Ga, Ti, and O was homogeneous in the
film but the Fe exhibited a composition modulation on the
length scale of the nanowires, suggesting that the nanowires
were Fe-rich. Prior work by TEM showed evidence of Fe-rich
regions in single crystal SrTiyqFeq360;_5 films,® but not in
Ceg5ST072Tip ssFe0 34035 ¢ or in SrTiy g Fep 6055 films with
multiple crystal orientations.>®

Magnetic hysteresis loops at room temperature are shown in
Figure 4a and b. The saturation magnetization (M) of the films
decreased from 29.8 to 6.6 emu cm > with increasing Ga. The
easy axis of the films also changed, from out of plane (OP) in
the lower Ga films to more isotropic for higher Ga. The hard-
axis saturation field of the lower-Ga films exceeded 5—6 kOe,
similar to other STF films fabricated in vacuum.”* The decrease
in net anisotropy with increasing Ga correlates with the
decrease in lattice strain (c/a), which is consistent with a
contribution from magnetoelastic anisotropy. Coercivity of the
films was 30—70 Oe, smaller than that of films grown from a
single target™ (e.g,, the coercivity of a Sr(Gag 0 Ti40Fe0.40)O1_s
film deposited from a single target was about 100 Oe).

The Faraday rotation (FR) at 1550 nm wavelength is given
in Figure 4c. The field and light propagation directions were
perpendicular to the film plane. The FR loops had similar shape
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to the out of plane hysteresis loops in Figure 4a. The saturation
FR scaled with M, and decreased with increasing Ga. Optical
transmission spectra of the films are shown in Figure 4d. The
Ga enhanced the transmission of the film, similar to what was
found in previous work. The saturation FR and M; at 10 kOe of
the GaSTF films as a function of Ga content is shown in Figure
4e. Both FR and M, decreased with increasing Ga content as
seen previously,'® but the CPLD films had a lower FR and M,
than the single-target films.

Comparing the results to those of GaSTF films deposited
with a single target, both methods produced single-crystal
GaSTF films on LSAT. The Fe was present as mixed valence
state of Fe?* and Fe*, with increasing Fe** satellite peak as Ga
increased. The single-target films contained Fe*, but this was
not observed in the CPLD films. This presumably reflects a
difference in oxygen stoichiometry, but it is not clear whether
this is fundamental to the CPLD process or merely reflects
variation between deposition system parameters for films
grown at different times where the base pressure, plume
characteristics or target condition varies. There are significant
differences in the deposition process of CPLD vs single-target
films, including the angle of incidence of the depositing flux,
and the periodic interruptions in growth as the targets are
exchanged in CPLD.

Both CPLD and single-target PLD films showed the same
trend of an increase in unit cell volume and a decrease in
tetragonal distortion (caused by in-plane relaxation) with
increasing Ga content. The optical absorption, M, FR, and
magnetic anisotropy all decreased with increasing Ga content.
The two groups of films made with different numbers of pulses
on the two targets showed significant differences in out-of-
plane lattice parameter, which we attribute to a lesser amount
of in-plane strain relaxation for group 2, possibly because of the
lower film thickness or to process parameters, such as
differences in surface mobility. The magnetic and optical
properties, however, showed a monotonic change with Ga
content and were insensitive to the details of the deposition
sequence.

TEM revealed nanowires with diameter of 3 nm in the
Ga28STF film which are believed to be Fe-rich. Metal
precipitation from oxide films has been observed elsewhere,
for example single-crystalline a-Fe nanowires with 30 nm
diameter grew in a LaSrFeO, film deposited at 760 °C under
vacuum.”” In the GaSTF there was no clear evidence of metallic
Fe from XPS, but the volume fraction of the wires may be too
small to enable its detection.

B CONCLUSIONS

Single-crystal GaSTF perovskite films on (001) LSAT were
fabricated with a series of compositions by combinatorial
pulsed laser deposition from two targets. The ¢/a ratio (out of
plane to in-plane lattice parameter) of the GaSTF films
decreased with Ga content from 1.063 in Sr(Gay,3Tig3,Feqs)-
O;_s to 1.022 for Sr(GagsoTig 1oFeq49)Os_s in series 1 samples.
The Fe was present as mixed valence state of Fe*" and Fe''.
The film with 28% Ga showed an inhomogeneous micro-
structure with Fe-rich nanowires of diameter of 3 nm oriented
perpendicular to the film plane, although the distribution of Sr,
Ga, Ti, and O were homogeneous. The higher-Ti content (y >
0.3) films had an out-of-plane magnetic easy axis, similar to
measurements in SrTi,_ Fe O; s, but increasing Ga content led
to more isotropic behavior. The Ga enhanced the optical
transmission of the film, while it lowered the saturation
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Figure 4. Properties of GaSTF films on LSAT deposited by combinatorial pulsed laser deposition at 3 yTorr and 650 °C. (a) Out-of-plane (OP) and
(b) in-plane (IP) hysteresis loops of GaSTF films with different Ga content. (c) The Faraday rotation (FR) of GaSTF films measured with applied
field perpendicular to the film plane at 1550 nm wavelength. (d) The optical transmission spectra of GaSTF films. (e) The saturation FR and

magnetization M, at 10 kOe as a function of Ga content.

magnetization and the Faraday Rotation. The results from
combinatorial PLD
properties as those from films made from a single target,

show the same trends in materials

despite differences in the amount of strain in the films, which
supports the utility of CPLD in materials discovery.
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