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A precisely selected elastic strain can*‘a&i ddced in submicron-thick single-crystal
SrTiOs sheets using a silicon nitride stressQr layer. A conformal stressor layer deposited
\% \dea)sition produces an elastic strain in the sheet

using plasma-enhanced chemic&p
consistent with the magnitn%u ide residual stress. Synchrotron x-ray
; .

nanodiffraction revea he strain introduced in the SrTiOs3 sheets is on the order of

10, matching th re/c,lic ions of an elastic model. This approach to elastic strain sharing
sa s/the strain to be selected within a wide and continuous range of

in complex 0{/

values, a ef@t not achievable in heteroepitaxy on rigid substrates.

/
)
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Publishing  The deliberate introduction of elastic strain with a magnitude of on the order of
0.01% to 1% is a powerful way to control the functional properties of complex oxides.
Elastic strain in nanoscale materials can raise or lower the mobility of charge carriers and
ions, change the magnitude or symmetry of the electronic band gaB,/shift the Curie

temperatures of magnetic and ferroelectric phase transitions, o m(m)'fy fetroelectric

nanodomain configurations through energy-competition mecb:q’sQ.M Physical

]

phenomena arising from elastic strain are often studied and.contrelled in complex oxides

g
by employing the large stresses arising from coheren(@?,pitaxy, during which the in-
( -

plane lattice parameter of the thin film is constraingd tO‘jnatch the lattice parameter of the
-

substrate.” The use of this epitaxial lattice ﬁ'sm\at is, however, limited to a finite

number of discrete values by the com%f available substrates. For example, a
no

BaTiOs (BTO) thin film coherentl ?0')( StTiOs (STO) has a fixed in-plane elastic

strain of -2%.% Other values of M
changing the composition, ::b\xn

{

=

ismatch strain can only be achieved by
XIattice parameter, of the substrate.” It has not been

possible to choose arbi rahjlues of the elastic strain because the range of compositions

and lattice para r¢of 5}11 ble single-crystal substrates is limited. In addition, a
systematic &S]M of strain effects can require the development of different surface
prepar 1&pitaxial growth procedures for each substrate composition. We describe
here.an € /erixﬁental test of an alternative approach in which a thin complex oxide sheet
is S inedSby a stressor layer. The magnitude of the elastic strain is set by the magnitude
f théstress, allowing the lattice parameter to be precisely selected. We demonstrate that
S

this approach can be used to introduce strain in an STO sheet distorted by a calibrated

silicon nitride layer without the formation of structural defects.
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Publishing  Elastic strain in complex oxides can be particularly important in ferroelectric and
ferromagnetic materials. In ferroelectrics, the elastic strain, & in BTO grown on an
elastically compliant STO sheet could in principle be set in the range of -2% to 0 by
selecting the thicknesses of the BTO layer and STO sheet. Here stif is defined in terms

of the unstressed and thin-film in-plane lattice parameters agr an@lBTo‘ Film 88 €=

(agro,firm — Agro)/apro- Varying the strain over this ra g.s%u&c ange the

ferroelectric Curie temperature of BTO by more thand00 °G. aﬁilarly, the
heteroepitaxy of the magnetic oxide Lao.7Sro3MnQ3 o TO)mposes a strain of on the
order of 1% and relaxation near grain boundaties a(lli‘a) regions of increased Curie
temperature.'

Elastic strain sharing in oxides canST\fﬂ'Uyhprocessing techniques that have been

developed for semiconductors, but hl have not yet been explored more generally. The

introduction of strain on th 0@) has enabled dramatic improvements in the

performance of Si ﬁeld-effmstors.“ Elastic strain shifts the wavelength of infrared

InGaAs heterostru uré\%grown on compliant substrates and can be used to induce a

change in the%rés&f '@Ge from indirect to direct.'>'*!* Strained-Si/relaxed SiGe

heterostru on pliant sheets exhibit reduced local variation in strain and tilt in

comp iso? with layers grown on SiGe.!> Advances in the control of strain in complex

oxides promige to bring a similarly precise level of control.

. challenge in elastic strain sharing in complex oxides has been to create single-
\ tah sheets that have the defect density, composition, and crystal structure of bulk

N

substrate materials. Oxide sheets must be sufficiently thin to produce relevant values of

elastic strain using the range of experimentally available stresses. Thin complex oxide
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Publishing sheets have been created by chemical exfoliation, epitaxial lift-off, and lithographic

\

techniques.'®2° The first two methods, however, face significant experimental
challenges. Chemical exfoliation often results in an ensemble of micron-scale sheets
rather than a thin layer with large lateral extent.'® Similarly, sheetS(,/reated via epitaxial
lift-off can face a two-dimensional mechanical constraint imp edbl the rigid substrate
to which they are transferred.'® \

We focus here on STO sheets fabricated using a litllg ic-approach starting from a
STO single crystal. As shown in Fig. 1(a) the structu cons§ts of a submicron-thick STO
sheet with a non-stoichiometric silicon nitrid (giw layY deposited on each of its planar

| -
faces. STO sheets with thickness tgrg =5 m and area of 10 x 10 um? were fabricated

from an STO single crystal using foc edd}b&am (FIB) lithography. Freestanding BTO
sheets have been shown to possess %roperties, implying they are free of ion-
induced strain.?! However, i nw age effects can include Ga ion implantation and
the creation of amorphous surwers that encapsulate and distort nanoscale features.
The milling proced se}’tjre was designed to limit the introduction of defects by

reducing the ? 1 e'{lrreyt or successively finer features ending with a 300 pA beam.

Previous id?imqshown that annealing and chemical etching can result in a

significAnt réduction in ion-beam-induced damage.?>?* The removal of ion beam damage
£
resent

in ftudy is simplified because we have employed a milling geometry in which

the be)m propagated in a direction within the plane of the large surface of the sheet,
'miti}g the ion propagation into the sheet to a distance approximately equal to the lateral

straggle length of approximately 10 nm.?* The sample was annealed at 1000 °C for 50 h

in order to reduce the distortion of the sheet due to ion-beam induced structural changes,
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Publishing following a procedure described in ref. 19. Previous studies have Indicated under these
conditions, the strain in the STO sheet due to milling is on the order of 6 x 10,125 FIB
yielded STO sheets that have the same x-ray nanobeam diffraction rocking curve widths
as the bulk unprocessed STO crystal.!” A scanning electron micro% e image of an STO
sheet before the deposition of the SiN layers is shown in Fig. IQ;H\

The design of the SIN/STO/SiN structure employed a mw odel based on the
balance of forces applied to the sheet, shown schematic_e: ?l“'i'g-..l(a).26 The mechanical
calculation was simplified by assuming that the thickness any stress of both SiN layers
are equal. Effects arising from edges can be g&;‘ted‘h)the central regions of the sheets
because the sheets have a large width-to-thiekness :i-(')- on the order of 20. Mechanical
calculations show that edge effects o hestistribution are minimal in regions

further than approximately one she Th?k{{e s from the edge.?”*® The SiN sheets apply a

biaxial tensile force per unit ler&% responding to a biaxial compressive stress-

thickness product equal to -P/2" each of the stressor layers. Each SiN stressor layer has
thickness tg;y /2. We %Gartesian coordinate system in which the axes x and y are
in the plane of TO sl;ee and x is along the bulk substrate surface normal. The non-
zero eleme tS)Of the stress tensor within the sheet are 0,, = 0,5, = 057, S0 that the stress

applieddby niteide layers has a magnitude ggrp = P /tsro. The fractional change of the
£
an

in I?l éing, d, along X 1S Esto =~ P/(MSTO tSTO)’ where MSTO =395 GPa is the

biaxi m)dulus for STO (100). 26%°
Kﬂle magnitude of the stress-thickness product in the SiN stressors depends on their

\J

de\position conditions, thickness, thermal history, and stoichiometry via small differences

in the Si:N ratio and in the incorporation of hydrogen during deposition.>*? The stress-
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Publishing thickness product in the SiN layers considered here was P = 28 GPa nm, measured by
evaluating the curvature introduced by a SiN layer deposited on one side of a Si wafer.>

The mechanical model predicts a strain of 1.4 x 10™* in the STO sheet under these

conditions. /

The SiN stressor layers were deposited by plasma-enhance c@mpor
deposition (PT-70, Plasma-Therm) at a sample temperature M The N20, 2% SiH4
in N2, and 5% NH3s in N2 flow rates were 420, 500, and_?\ Qmﬁespectively, with total
pressure of 850 mTorr. The plasma was produced with a po%er of 36 W at 13.56 MHz
and a bias of -28.6 V. The deposition yielded a £ﬂlnn1'—‘)hick SiN layer conforming to the
complex geometry of the STO sheet. Figs."l(c) an dLS'-show side and perspective views
of the STO sheet after the deposition stressors.

The strain introduced in the ST Qe\‘ﬁﬁy the SiN stressors was measured using X-
ray nanobeam diffraction at stam D of the Advanced Photon Source. Fig. 2(a)
shows a schematic of the meamht, including definitions of the incident and
diffracted x-ray bea n%i‘he photon energy was 10.1 keV, selected with a (111) Si
monochromat?« ofie plate with 160 pm diameter and 100 nm-wide outermost zone

was used to-create'a focused beam with a full-width-at-half-maximum diameter of 200

>

nm. Diffracted x-rays were detected in a horizontal scattering geometry using an x-ray
£
-coupl

charge ed device (Princeton Quad-RO, Princeton Instruments) with 24 um pixels
located 1 }1 from the sample. The focused beam had a convergence angle of 0.07°, which
ake§ it impossible to define a unique angle for the incident and diffracted beams. We

instead define the effective incident angle, 0, to be the angle between the central axis of

the focused x-ray beam and the (200) planes in the STO substrate. The angle 26 refers to
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Publishing the projected angle in the horizontal plane between the center of the focused x-ray beam
and the location of each detector pixel.

X-ray diffraction results were compared to an optical simulation in order to allow the
strain and the tilt of the lattice to be determined separately. The sil?dlation propagates the
incident x-ray beam from the zone plate to the sample, computgs t%amp ttude and phase
of the diffracted beam, and propagates the diffracted beam fr&% ple to the
detector.’* 3¢ A calculation of the reflected amplitude ufi the kmematic approximation
accurately reproduces the x-ray diffraction patterns ofithe sh‘,ets. The diffraction patterns
of the thick bulk STO reference sample, how Ve(qle rmj adequately described using
kinematic scattering and were instead calctilated usi lg.-'-the Darwin dynamical theory.

Dynamical effects were incorporated ﬁé\‘imulation by assuming that the bulk STO
O ufi

crystal consisted of a perfect stack t cells with infinite thickness.>

Bulk STO was used as a refgisK the orientation and spacing of the (200) planes

in the STO sheet. Measured&&w‘u n patterns and dynamical diffraction simulations for

the bulk STO substra%;r wn in Figs. 2(b) and 2(c), respectively. The experimental

diffraction patt ofn an,STO sheet and the corresponding kinematic diffraction

4

simulationa@&xkn in Figs. 2(d) and 2(e).

Thefangtlar widths of the high-intensity features in the diffractions patterns in Fig. 2
£
nifican

h
aresig tl§ different for the STO sheet and bulk STO. For the sheets, for which the
Jgiliq@&ipproximation is appropriate, the angular width is inversely proportional to the
Quu\mb}r of atomic planes illuminated by the x-ray beam, leading a comparatively broad
S9"’\‘ 107 degree-wide intensity distribution observed in both in both the experiment and

simulation, Figs. 2(d) and 2(e). The measured angular width of the dynamical reflection
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Publishing of the bulk substrate is 4 x 10 deg. This width includes contributions from the Darwin
reflectivity, which has angular width 3 x 10 deg,>**” and the 4 x 10 deg variation in the
Bragg angle introduced by the 2 eV energy bandwidth of the x-ray radiation.
The strain and tilt were separately measured by collecting diffrf(tion patterns over a

I@btrlbution of

intensity along the vertical direction of the diffraction pattems\%

range of incident angles greater than the zone plate divergence
t depend on the
STO lattice parameter or on the tilt in the 6 angular dirc?_g and-thus can be vertically
integrated to summarize diffraction patterns obtained'at diff%ent incident angles. The
simulated vertically integrated intensity is sh wLm F ig)3(a) for several values of the
incidence angle 6. Shifts of the center o th&&ten' along the A26 direction of Fig. 3(a)
arise from a change in the lattice para sed by elastic strain. Shifts in the Af
direction arise from changes in the x of the STO crystal, which can occur

without a change in lattice para&%’el\

Simulations of several com at1 ns of strain and tilt were conducted to illustrate how
these quantities can @;ely extracted from experimental diffraction patterns. Fig.
3(b) shows a si tedl diffraction pattern for an STO sheet with zero strain and an
orientation °. The region of high intensity in Fig. 3(b) is shifted exclusively
in the A0 d1r 1on with respect to the untilted crystal. Fig. 3(c) shows a complementary

t10 in which the STO sheet has an in-plane strain of -0.2% with zero tilt, resulting
1ft ong the A26 and A@ directions. STO sheets with (i) zero tilt and zero strain,
S ii n&w-zero tilt, and (ii1) non-zero strain are illustrated in Fig. 3(d).

“The strain induced by the SiN was experimentally evaluated by measuring A28 using

x-ray rocking curves acquired within a 9 um wide x 4 pum high area of x-ray beam
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vositions. Fewer measurements were made of the STO sheets without SiN stressor layers
due to time constraints during the x-ray nanobeam diffraction experiment. Histograms of
strain measured at many locations within these areas of STO sheets with and without SiN
stressor layers are shown in Fig. 4(a). The strain in each case was 2A/mputed using the
bulk STO (200) reflection as a reference. The histogram of strain in‘the STO sheets
without SiN stressor layers is shifted by 6 x 10 with respecw TO.?! Strain of a
similar magnitude was observed in previous studies of 'li atterned STO, and has a
magnitude consistent with the formation of point defégts duﬁng ion-beam milling."”

The strain measured from the STO sheet it&&\e sn?ssors has a different distribution
than the sheet without the stressor, as show. 4?3). The most commonly observed
strain was shifted to a higher value in eet with the nitride stressors. We have

AN

evaluated the strain using the most \l’ny occurring value of strain, or mode, rather

~

than the mean because of the n(\ ssian distribution of the measured values and the
small number of points at whimstrain was measured in bare STO sheets. Small
changes in the inte (@ ing on the (200) planes may arise from point-to-point
variation in tl(m/‘&mp}m 1on or from irregularities at the SIN-STO interfaces. The
difference etww modes of the strain distributions shown in Fig. 4(a) is 1.3 x 10,

Y

strain agrees with the mechanical model prediction of 1.4 x 10,

This measur
£
This sepfation of elastic strain sharing in STO sheets also points to the potential use
of thi apéfoach under a wide range of conditions that can be reached using the same
aterSals. Fig. 4(b) illustrates a range of values of strain that can be produced with strain

sharing by modifying the thickness of the STO sheet and stress-thickness product. The

strain predicted using the mechanical model is shown for stress-thickness products P =


http://dx.doi.org/10.1063/1.5019920

! I P | This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record. |

Publishing 15, 28, and 45 GPa nm. These values of P are within the range of values available in SiN
deposition.*? The strain measured for the STO sheet probed in this experiment is
indicated as an asterisk at a thickness of 500 nm in Fig. 4(b) and falls near the black line
representing the stress-thickness product applied in this experimery/

Elastic strain sharing in lithographic structures is a widely p%a%rategy for
producing elastically strained complex oxides. STO sheets CN ically strained
through the deposition of SiN thin films to induce strain_‘ ith"a'magnitude sufficiently
large to modify physical properties relevant to magnetism, t%roelectricity, and ionic
transport. Selecting the stress-thickness prod ct(n_Lhe?,essors and the thicknesses of the
sheets provides the opportunity to precisely«¢hoos }t;elastic strain. This control is
achieved without changes in composi&%:{eases in dislocation density, as evidenced
by the observed rocking curve wid \.LsT.}E pproach can be extended to sheets of larger

lateral size and can provide a ro \ plex oxides with improved properties for a

range of technological applicam electronics and optics.

S
Y
w&

10
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Publishing Figure 1. (a) Schematic of the STO sheet with SiN stressor layers. Scanning election
microscopy images of a 500-nm-thick STO sheet (b) without (c-d) with a 270-nm-thick
SiN layer deposited on each face. The large faces of the sheet have area 10 x 10 pm?.

%ﬂtions of the

Figure 2. (a) Schematic of the x-ray scattering geometry showidg ﬂy

PR

angles 6 and 26. (b) Diffraction patterns of the (200) STO buh?ﬂ% eflection. (c)
Simulated dynamical diffraction patterns of the (200) bu ‘>a'g'g~reﬂection. (d) Measured
—

and (e) simulated kinematic diffraction patterns of th 200)Seﬂection of the STO sheet.
L -
Figure 3. Simulated STO rocking curves for(a) unstrained STO with zero tilt, (b)

unstrained STO with a 0.1° tilt, and (tﬁ%:trained STO with zero tilt. The dotted

lines and crosses are a guide to the \ejdL hematic of tilt and strain in the STO sheets

Figure 4. (a) Histo r&s‘; in measured from the (200) rocking curves in the STO
r

sheets without asSi léye lue cross hatched) and with a SiN layer (red cross hatched).

with lattice spacing d.

73

The chang

i%Marameter of the bare STO sheet arises from the FIB processing.
The ingfeascn lattice parameter after SiN deposition agrees with the mechanical
predictio or dn elastically strained sheet. (b) Predicted strain in STO sheets as a
fundtion & thickness of the STO sheet for different stress-thickness product. The black
Q@btbe experimental stress, and the black asterisk represents the experimentally

Sn%asure:d stress and strain.
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