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Multiple relaxation mechanisms in SrTiO  3/SrRuO; heterostructures
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We have studied stress relaxation mechanisms in epité@@l) SrTiO; films grown on (001
LaAlO; substrates with SrRuQbuffer layers. A theoretical analysis has been undertaken to
understand the variation of the lattice parameters of Sy €itaxial films, taking into account stress
relaxation due to the formation of an orthorhombic polydomain structure in the SrBuf@r layer

as well as the formation of misfit dislocations at the LaplSrRuQ, and the SrTiQ/SrRuG
interfaces. There exists a critical SrRy@uffer layer thickness, above which the SrRuluffer
layer can “screen” the effect of the LaAlOsubstrate. It is shown that the internal stress level in
films can be controlled using buffer layers that exhibit a structural phase transformatio2004&€
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In recent years, there is a growing interest in perovskitegoing CT and TO phase transformatiohis.was shown that
thin films due to their unique electrical, electromechanicalthe resultant polydomain structure is due to the interplay
and magnetic properties. Perovskite oxides in thin film formbetween relaxation by misfit dislocations during film deposi-
exhibit remarkably different physical properties compared taion and relaxation by polydomain formation below the
their bulk counterparts due to compositional and microstrucphase transformation temperature.
tural inhomogeneities, defects, and internal stres$es.ep- This letter gives a quantitative theoretical analysis of the
itaxial perovskite thin films, the mismatch between the latticemultiple stress relaxation mechanisms in STO epitaxial films
parameters and thermal expansion coefficients of the filngrown on LaAIQ, (LAO) substrates with SRO as buffer lay-
and the substrate are the predominant sources of the internads. The model used here considers first stress relaxation in
stresses. the buffer layer with respect to the substrate and then treats

In thin films, the internal stress state may become moré¢he buffer layer/substrate combination as an effective sub-
complicated by the deposition of buffer lag®rbetween the strate for the STO film. The theoretical predictions are used
film and substrate. It has become common to use buffer layto interpret experimental observations. The trends predicted
ers both to promote proper epitaxy and to provide layers witHor film parameters as a function of both STO film thickness
appropriate properties for device applications. A good exand buffer layer thickness are observed experimentally.
ample of such a system is SrHCSTO) thin films grown on (001 STO films were grown on(001) LAO single-
relatively thick substrates. STO is an ideal candidate for tunerystal substrates wittD01) SRO buffer layers using pulsed
able microwave device applicatiohsAmong a variety of laser depositioiPLD). The samples had either a variation in
electrode materials for STO films, SrRgQSRO has re- the STO layer thicknes§50—1000 nm or the SRO layer
ceived considerable interest due to its high electric conducthickness(0—350 nn). The details of the PLD processing
tivity, good thermal conductivity and stability, and high re- were reported elsewhefeGood epitaxy was achieved with
sistance to chemical corrosidnUpon cooling, bulk SRO  average mosaics around 0.2° detected using x-ray diffraction
undergoes a first order cubigetragonal(CT) transforma- (XRD). XRD measurements were carried out at beamline
tion at 677°C and subsequently a second-ordeX22A at the National Synchrotron Light Source at
tetragonalorthorhombic(TO) transformation at 547 °€If Brookhaven National Laboratory. X22A has a bent(Bil)
these transformations occur in an epitaxial film of SRO, themonochromator, giving a small beam spot and fixed incident
total elastic energy due to the self-strain of the phase tranghoton energy of 10 keV. The longitudinal resolution with a
formation may be reduced by polydomajolytwin) forma-  Si (111) analyzer was at least 0.001°A (half width at half-
tion. The polydomain structure consists of elastic domaingnaximum for an (002 peak, as measured from the LAO
and their formation is a generic stress relaxation mechanisrgypstrates.
in a constraining media.The parameters of polydomain We have analyzed the CT and TO transformations in
structures and the conditions for their formation were quanSRO using the theoretical formalism developed previously.
titatively determined for epitaxial ferroelectric films under- The relaxation of internal stresses at the deposition tempera-
ture (Tg= 720 °C) was taken into account using the effective

dauthor to whom correspondence should be addressed; electronic maiﬁjUbStraFe |attif39 parameter_ concept, assuming that no addi-
p.alpay@mail.ims.uconn.edu tional dislocations form during cooling down frofiry, . The
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“effective” substrate lattice parametex at a particular tem- 3.05 T T T T T T T
peratureT is given by’
. 302 1
_ as[1+Ks(T_TG)]
aS(T) = 0 ’ (1) 301 | .
p(Telagdl+kg(T—Tg)]+1 ‘
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a hy
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is the equilibrium linear dislocation density at the deposition
temperatureb is the thickness of the SRO layer anda’ 207 | |
are the lattice parameters of the LaAIQAQ) substrate and
SRO film (in the pseudocubic notatiprat Tg, g is the 2.96 . . . : . . .

thermal expansion coefficientTEC) of the substrate, 278 279 2.80 2.81 282 283 284 2.85
Xm(Tg) is the misfit strain between LAO and SRO B, 2 K2) 7 [
andh,, is the critical thickness for dislocation generatio). (H+K) 7 [rdu]
is around 4 nm for SRO on LAO, calculated from the g, 1. Reciprocal space mapping of STER3/SRO (406) peaks at room
Matthews—Blakeslee criterfaThe effective misfit strain at a temperature. The film thickness of STO and SRO layers are 200 and 350
particular temperatum’,f,,(T), therefore, can be determined "M respectively. The upper peal_< is from S(IZ_QQ) yvhile the onver two are
by ES(T) and af(T). af(T) is correlated Witha? and the SRO (406)/(046) from two domains. The unit is in STO reciprocal lattice
. parameter.

TEC of the film ;.

As the film cools down fronT =720 °C to just below ) ) )
600°C, biaxialtensilestresses results within the SRO layer [EdS-(1)—(2)] is employed for both interfaces. The in-plane
due to the mismatch in TECs of SRO and LAO. The tensilgatticé constant of STO filmasro is taken as the effective
stresses should lead to the formation of an orthorhombid@ttice parameter of the SRO layer and H‘e out-of-plane lat-
polydomain structure from the tetragoraldomain. Ortho-  tIC€ constant of STO filntso is given by
rhombic twins in epitaxial SRO thin films have been reported 2Cy,
in several studie®-*? Just before the TO transformation, the ~ Csro= aSTO( 1-= X’,f,.) ,
SRO film consists of onlg domains, and thus there are only 1
two orthorhombic orientation varian{®ut of the possible whereC;; are the elastic moduli of STO and is the in-
six) that form the polydomain structure, identical to the plane misfit strain taking into account the relaxation by the
a;/ayl/a,/a, polydomain pattern in twinned tetragonal misfit dislocation formation at STO/SRO interface. The cal-
films.>*3 Theoretical results show that the fractions of theculated average distance between misfit dislocations at STO/
domains in this pattern are equal to each ottiEne orien-
tational relation between the two variants of the orthorhom- . —

()

bic phase and the substrate[@1] SRO/[001] LAO and f:_' 0.393 o Exp.c (a) T
[100] SRO/[110] LAO. » a gp-a.

The orthorhombic twin structure in the SRO layer was £ 9392 | o P 1
verified by the reciprocal space x-ray mapping of the in- E 0.391 A o
plane lattice of STO and SRO layer at room temperature g ™ i : ﬂ-
(Fig. 2). The film thickness of STO and SRO layer are 200 8
and 350 nm, respectively. We can clearly $6@6) and(046) ié' 0.3%0 r ]
peaks from two SRO domains, as well as the SR23 o [ o
peak. Since the fractions of the domains of the orthorhombic 7 ?‘::: [ } t t ]

phase are roughly identical, the in-plane lattice parameter of
SRO can be taken as the average of the lattice parameters of 1.004

the two orthorhombic variants, i.e., 184rotbsro)- S 1.002 |} i
We first examined the in-plane and out-of-plane lattice Ky 100 -~ — — — — ————
parameters of STO films of varying film thickness and the @ e il
thickness of the SRO layer fixed at 350 nm at room tempera- o 0998 [ / 1
ture. Figure 2a) presents the experimentally determined val- 0.996
ues and both in-plane parametersanda, were measured 0984 | :ccgig:g';*'_’_"‘,’{'_’m:{‘.’oc /0, |
and differ due to experimental uncertainty. It shows that ten- L . L L L
sile stresses in STO layer are relaxed almost completely with 0 200 400 600 8OO 1000
increasing STO film thickness. We performed theoretical STO thickness [nm]

analysis based on the stress relaxation due to both the ortho-

rhombic twin structure in the SRO |ayer and formation of FIG. 2. Lattice param.eters of STO films asafu_nctlor_1 of STO film thickness
at room temperaturgia) experimentally determined in-plan@;( and a,)

misfit strain di5|ocati_0n5 at the LAO/SRO and SRO/STO in'and out-of-plane €) lattice parameter(b) theoretically calculated in-plane
terfaces. The effective substrate lattice parameter concepolid line), and out-of-planddotted dashed lindattice parameters.
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'E 03020 | ' ' ) ' o I-Z'xp . ] _since the lattice parameter of LAO is_ less than that of STO_,
S o Exp: a in-plane compressive stresses result in STO layer. Above this
L 03915 | s Bp.a | critical STO thickness, the effect of the SRO buffer layer
"g = becomes increasingly pronounced. Since the lattice param-
2 o.3910 | e - eter of SRO is larger than that of STO, tensile stresses are
g expected in the STO layer. When the SRO layer thickness is
é 0.3905 - o — | larger than~35 nm, the lattice parameters of the STO layer
= above become insensitive to thickness variation of the SRO
£ o0.3900 | (0) . layer due to the saturation of the stress relaxation. Thus the
1003 F ' ' 1 1 ' ' ] effect of the LAO substrate is completely “screened” for
SRO layer thickness larger than35 nm. The theoretical
o 1.002 prediction reflects the general trend observed experimentally,
£ 1.001 | ] as shown in Fig. @). The experimental results appear to
® 4000 o — — - - ] indicate a crossover from compressive to tensile stress as
{" oges | N . . . _._._. | well but it occurs for even thinner buffer layers. For a very
o = ) thin buffer layer, the out-of-plane lattice parameter of STO
0.998 — Cale. In-plane a/a film is larger than the in-plane lattice parameter and com-
0.997 (b) . o c«:lcz.IOui-olf-plum:"c/u° . pressive stresses should result if the STO reference state has

a lattice parameter larger than the bulk value. In both cases,
0 50 fo0 1.50 200 250 300 350 the full effect of the buffer layer is complete for buffer layer
SRO thickness [nm] thickness of 50 nm or greater, with only small changes be-

FIG. 3. Lattice parameters of 200 nm thick STO films as a function of SROyond 35 nm. NOtany_’ both theoretical aljaly5|s and experi-
film thickness at room temperatur@) experimentally determined in-plane mental result essentially suggest a design strategy for the
(a; anda,) and out-of-plane ) lattice parameteréb) theoretically calcu-  buffer layer, i.e., the buffer layer does not have to be very

lated in-plane(solid line) and out-of-plane(dotted dashed linelattice thick (=35 nm to minimize the effect of the substrate on the
parameters. top film
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