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Strain relaxation during in situ growth of SrTiO 3 thin films
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We report a real-time observation of strain relaxation dunmgitu growth of SrTiQ, thin films by
measuring the in-plane lattice constant at the film surface using reflection high-energy electron
diffraction. The initial misfit strain in the SrTig¥ilm is tensile on MgO and compressive on LaAIO

as expected from the lattice mismatches between the film and the substrates. Strain relaxation begins
immediately after the deposition starts, but is not complete until the film thickness reaches 500—
2500 A depending on the substrate and the deposition temperature. The strain relaxation at the
growth temperature influences the film strain at room temperature, which is compressive for both
substrates for thin SrTiOfilms. © 2003 American Institute of Physics.
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Strain in ferroelectric thin films plays a significant role tice constant of the deposited film, which is inversely pro-
in influencing their dielectric properties, which are importantportional to the spacing between the reciprocal lattice rods
for electronic applications:® Strain can result from the lat- (streak$ in the RHEED image. Strain derived from the in-
tice mismatch and the thermal expansion mismédtétbe-  plane lattice constant was monitored as a function of the film
tween the film and the substrate. Defects such as oxygethickness. This technique has been used during growth of
vacancies can also affect the strain in the fiffi$ie evolu-  thin films of semiconductors,®metals!**®and to a lesser
tion of strain duringn situ growth and subsequent cooling is extent oxide thin filmg®
a complex process, and a clear understanding of the nature of The substrates used in this study were Mg@om-
strain in ferroelectric thin films is of both scientific and tech- temperature lattice constana=4.216 A) and LaAIQ
nological significance. In this letter, we presentiansitu  (LAO), (a=3.79 A). Since the room-temperature lattice
reflection high-energy electron diffractieRHEED) study of ~ constant of STO is=3.905 A, one expects the misfit stress
strain in SrTiQ (STO) films during growth at around 800 °C in the STO films to be tensile on MgO and compressive on
on substrates of different lattice and thermal expansion mistAO. The coefficient of thermal expansion of S¥Ois
matches. We were able to monitor the variation of strain insmaller than that of Mg&¥ and larger than that of LA®
real time as the STO film was deposited, and we found thaTherefore, when cooled from the deposition temperature
the strain relaxes completely when the film reaches a thickaround 800 °C to room temperature, one expects a compres-
ness of 500-2500 A. The strain relaxation at the growttsive stress from MgO and a tensile stress from LAO on the
temperature also impacts the room temperature strain, whic®TO films due to the thermal expansion mismatch.
depends on the densities of misfit dislocations in the films. In Fig. 1, the strain in our STO films at the deposition

STO thin films were deposited by an situ reactive
coevaporation technique described previodghA pocket

heate?'® was used which has a high-oxygen-press(2e - mIoimio(:e:o)oo 2500 3000
mTorr) pocket for oxidation of the deposited film and an 10.6 T
opening to the high-vacuum~10"° Torr) chamber where " in-plane

the evaporation sources are located. Ti and Sr were evapo-
rated by electron-beam and from a Radak cell, respectively.
Single crystal substrates were rotated continuously between
the open area and the oxidation pocket at a rotation fre-
qguency of 5 Hz. The substrate temperature studied in this
work was from 750 to 850 °C. Quartz crystal monitors were
used to measure and control the evaporation rates of Sr and
Ti in order to maintain the stoichiometry of the deposited
film. In situ RHEED, with a synchronization procedure de-

scribed previousl§;'° was used to measure the in-plane lat- 0 500 1000 1600 2000
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¥Electronic mail: Ipeng@conductus.com FIG. 1. Strain in STO films on MgO and LAO substrates at the deposition
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FIG. 2. Strain in STO films on LAO substrates as a function of film thick-
ness and the deposition temperature. Also plotted is a theoretically predicte . .
curve for strain relaxation by misfit dislocations taking into account only the tNrough dislocations.

lattice constant mismatch between the film and the substrate at 800 °C. The room-temperature lattice constants of the STO films

were measured by x-ray diffraction. Because the in-plane
. " bulks 1 buk - lattice constant is difficult to measure for very thin films,
temperature of 830 °C, expressed ag,—a3t)/asts, IS only the out-of-plane lattice constant was measured for most
plotted as a function of the STO film thickness for MgO andof the samples. Figure 3 shows the26 scans near th@02)
LAO substrates. We calculate the in-plane lattice constant oheak for STO films of different thicknesses grown at 830 °C
the film agfy, using the RHEED spacing before the STO on LAO (left pane} and on MgO(right pane] substrates.
deposition as a reference, which measures the lattice constarfe peak shifts when the film thickness increases, indicating
of the substrate, which in turn is calculated from the thermah change of the lattice constant with the film thickness. The
expansion properties of the substrafés’ The lattice con-  out-of-plane lattice constant as a function of the STO film
stant of the bulk ST@{g is calculated from the room tem-  thickness is plotted in Fig. 4. Qualitatively, the same thick-
perature value and the thermal expansion of ST@s ex-  ness dependences are found for both substrates despite the
pected, the initially deposited film is under a tensile strain ofdifferences in the misfit and thermal mismatches between
7.5% on MgO and a compressive strain-63% on LAO due | AO and MgO. At large thicknesses, the out-of-plane lattice
to the lattice mismatches with the substrates. The strain dexonstant is about the same as the bulk value. For small film
creases in magnitude immediately and saturates to neariicknesses a large rise occurs with a maxima at a thickness
zero at~500 A, beyond which the lattice constant becomesof about 500 A. The enlarged out-of-plane lattice constant
that of bulk STO. This indicates a process of strain relaxatiorappears to be related to the misfit dislocations, because 500
through the generation of misfit dislocations. Due to the large} is about the film thickness where the complete strain re-
lattice mismatches, the critical thickness that marks the staftixation occurs at 830 °Csee Fig. L Before the strain is
of strain relaxation is very small for both substrates. Thecompletely relaxed, more and more dislocations are being
majority of the strain is relaxed quickly, but the complete generated to relieve the misfit strain when the film thickness
strain relaxation takes place much more slowly unti00 A increases. After the strain completely relaxes, further in-
has been deposited at a temperature of 830 °C. crease in the film thickness reduces the volume fraction of
The rate of strain relaxation depends on the depositiothe film having misfit dislocations. This trend coincides with
temperature. In Fig. 2, the results for 760, 800, and 830 °Ghat shown in Fig. 4.
are shown for deposition onto LAO substrates. Again, the Larger lattice constants in STO thin films than in bulk
strain changes from-3% to near zero which is indicated by STO have been widely report&d®22-?*This has often been
the horizontal lines. The strain relaxes much more slowly
when the deposition temperature is reduced. The thickness of 3.900 — I
complete strain relaxation increases frer600 to~2500 A { Out-of-plane

etic barrier is important when considering strain relaxation

when the deposition temperature changes from 830 to semo - Room temperature 1
760°C. This is because less thermal energy is available at
lower deposition temperatures to overcome the kinetic bar-
rier for dislocation formatioR° Also plotted in Fig. 2 is a
theoretically predicted curve for strain relaxation by misfit
dislocations taking into account only the lattice constant mis-
match between the film and the substrate at 808/ 4gen- [

. 3.890 el — -
eral agreement is found between the calculated curve and the 100 1000 10000
experimental curves. However, the theory predicts little tem- Film thickness (A)
perature dependence of the strain relaxation in contradictiopg, 4. Room temperature out-of-plane lattice constant as a function of film

to the experimental results, which demonstrates that the Kihickness for STO films grown at 830 °C on LAO and MgO substrates.
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