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ABSTRACT

Using combinatorial molecular beam epitaxy (COMBE&g, have deposited a one-dimensional (1D) combiizhto
library of L&.SrCuQ, (LSCO) single-crystal thin films with different $ontent above the optimum doping level.
A study of this LSCO library allows a detailed exation of the COMBE method. We have also develoged
tested a custom-made multiple-probe transport measent set-up that allowed us to measureR{fi¢ curves from
more than 2,000 different samples (pixels in thecbhbinatorial library of LSCO) within one week. Villso stud-
ied in detail the dependence of the crystal strectspecifically, the-axis lattice constant) on the Sr content and on
the type of epitaxial strain (compressive or te)siFor the films grown on LSAO substrates, we tbtimat thec-
axis lattice constant of LSCO filndecreased as the Sr content was increased. This we attritoutike reduction in
epitaxial strain that occurs because of Sr-dopimyced decrease of in-plane lattice constant of .SKext, we
have detected a small deviation of the beam pré&fi the linear dependence, noticeable for theosigipn area
larger that 1”. If an array of substrates is usdmm@by some substrates are separated by more ‘theard if the
stoichiometry is optimized at or close to the ceonfghe array, in the films positioned at the owdges of the array

this effect causes slight off-stoichiometry andegyation of secondary-phase defects.
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1. INTRODUCTION
Atomic layer-by-layer molecular-beam epitaxy (ALLB#) can provide atomically smooth single-crystéinfiof
complex oxides with excellent reproducibility. [1,Phe uniformity in film composition and thicknedgepends on
the uniformity of molecular beams across the sabstfor an array of substrates). Recently a netaniqune, combi-
natorial molecular-beam epitaxy (COMBE), has beesighed specifically for synthesis of 1D and 2D borato-
rial libraries of thin films of complex oxides inading high temperature superconductors (HTS). [3/4é first
COMBE apparatus was constructed at Oxxel LaboratoBremen, Germany and has been recently tramesfaor
the Brookhaven National Laboratory. This systenovedl several important parameters, including then fil
stoichiometry, to be varied systematically in a bimatorial way. In this paper we present experiraledata on

combinatorial synthesis of 1D libraries of the HI@npound La,Sr,CuOy.s (LSCO).

The design of our COMBE system has been reporssivblere [3,4]. The metal atom sources are aimdteatub-
strate at a steep angle, close t8 @&e Figure 1) and this renders a large compaosijiwead (gradient) across the
substrate array. The gradient in thickness expeftted beam simulations is about 4 % per cm aloregxtlaxis

(which lies in the vertical mirror symmetry plane).



Figure 1. Schematic representation of a singlenthkrevaporation
source tilted at about 2@vith respect to the horizontal plane in which
the substrate(s) are positioned during the growth.

Our COMBE growth chamber contains 16 thermal evaipam sources; a schematic representation of tambbr is
shown in Figure 2. For greater flexibility, we yzars of identical sources placed in oppositios, with the atomic
beam impinging at the same angle with respecteacstibstrate, but from the opposite sides. Sincesdlieces are
placed on a circle centered on the axis normahéosubstrate (see Fig. 2), this means that the paitomplemen-
tary sources are placed at 18m one another. This arrangement enables usritrat the gradient of the corre-

sponding atomic flux across the substrate, oveida vange.

Figure 2. A schematic representation of the COMB&Mh cham-

ber. It contains 16 modular thermal evaporatiorrcesl aimed at a
shallow angle in order to generate spread in chanesiemposition

across the substrate array.




The maximum gradient is obtained when one sourck&ed and its counterpart is open. The minimhlesgclose
to zero) of the gradient is obtained when both sesirare open and emit equal atomic fluxes. Anyrimteiate
value can be obtained by adjusting the deposititesrfrom the opposite sources of the same elerbist.can be
accomplished e.g., by adjusting the temperatureash of these two sources, or (much faster to aglisim) by

shuttering the two sources appropriately.

To measure the deposition rate and its gradiemtsadhe substrate arrays accurately before eaelttgra Quartz-
Crystal rate Microbalance (QCM) monitor is mounteda dedicated three-degrees-of freedom (X, y,ajipulator,
motorized and computer-controlled. The linear peodif the deposition rate as measured in the COMBiem is

shown in Fig. 3 for one element (Sr).

During the growth the atomic fluxes were monitotesing a state-of-art, 16-channel Atomic Absorptgpectros-
copy system. The film quality was controlled bysitu reflection high-energy electron diffractionHRED) system
with a capability to switch fast from one to anatkabstrate position and display simultaneouslyaup0 RHEED
patterns, so each of the grown films was monitanectal time. Selected films were also characterizg Ruther-
ford backscattering (RBS) at Charles Evans Assesiat Mountain View, CA, and in Forschungszentruos$en-
dorf, Dresden, Germany, for absolute calibratiomeposition rates. The deposition rates measureg@y were

in good agreement (within a couple percent) wittSRBalysis.

For combinatorial synthesis the important rolelégs/pd by sample characterization. Here, essentaityy film was
characterized in detail by RHEED, atomic force msoopy (AFM), and X-ray diffraction (XRD). We haeen-
structed a custom-designed multiple-probe set-uméasure the spread of resistance within eachffidm room
temperature down to 4.2 K. This set-up allowedouséasure the resistance-versus-temperature ciamvep to 62
samples simultaneously. Before this COMBE experimen deposited a large number of single-phase, hems
ous LSCO films on both LaSrAIZLSAO) and SrTiQ(STO) substrates. In STO substrates, the lattiostent isa
=3.905 A. This is 3 % larger than the in-plan¢idat constant of bulk LSC@ = 3.777 A for optimal doping (x =
0.15). Hence, LSCO films are under tensile strairs®0O. In contrast, LSAO has a 0.5 % shorter attienstanta
= 3.755 A and LSCO film are under compressive striihas been reported by several groups that oessjve

strain enhances the critical temperature as cordpgarlms under tensile strain [5-8].

2. EXPERIMENTAL
We have carried out nine synthesis experimentDatdmbinatorial libraries of LSCO with Sr conteahging from
optimal doping (x = 0.15) to strongly overdoped=(8.37). In each growth experiment, we used thieiohg tech-
nigue. We used only one Sr source to provide mab@radient of the Sr content. The Sr source wasgalanext to
the La source so that their deposition directioesanclose to one another (less thehdff). The deposition rates of
Sr, La and Cu sources were adjusted so that tieoh(La + Sr) : Cu was equal to 2:1 at each peiithin the

deposition area. Four substrates (size: 10 mm mh0Ox 1mm) were placed in the growth chamber inltbearray



that was aligned with the mean of the Sr and Laodiipn directions. The variation of the normaliz#eposition

rate of Sr along the deposition direction is shamvRigure 3. The Sr rate varies by 4 % over 1 cm.

RN

1.02+ R

o
g 3

0.96 R

Normalized deposition rate
o
R

0.92 R

2 -1 0 1 2
QCM position [cm]

Figure 3: Normalized Sr deposition rate along dawsdirection.

Hence, the typical variation of Sr content withimeadlD library, end-to-end was 18 %. All LSCO filimsd 120 unit-
cells-thick layers; this corresponds to the filnickimess of 780 A. The films were deposited on LS&OSTO

substrates.

500 ————F———F——— 7
# 603-606
Sr: 018-0.22
400 -
300
=)
@
200
100
0 T T T T T T T T T T
0 50 100 150 200 250
TIK]
Figure 4. Resistance-versus-Temperature curvesef af devices that
represent a LSCO library with Sr content varyiranir0.18 to 0.2:




To measure accurately the spread in resistancénahg each film was patterned into a narrow (58 wide) strip
line at the center-line of the substrate and oei@@ong the Sr gradient. The strip had 64 leadscantacts attached
to it laterally and this allowed us to simultandguseasure resistance of 61 pixels along the Stigné. The volt-

age contacts were separated from one another byrh50

A typical set of resistance versus temperatureesifitom one such film is shown in Figure 4; thistisalar set is
from a slightly overdoped LSCO film with Sr conteahging from 0.18 to 0.22. The normal-state tasice and,
both decrease as the Sr content increases. Thisligatively in agreement with the known LSCO élecic phase

diagram. The dependenceTqfon the Sr content x in some of our LSCO samplstdsvn in Figure 5.
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Figure 5: Dependence critical temperature versuo6r
tent for 1D LSCO film libraries on the LSAO substs

Once the Sr content reached and surpassed x =tBe88|lms were not superconducting any more. Tialso in

good agreement with the data obtained on singlegheowth experiments. [6]

We measured XRD39(29 scans) at four different positions of each filmorad the Sr gradient line and determined
the c-axis lattice constant. The results are shown gufé 6, where we plot theaxis lattice parameter as a function

of the Sr content x for the entire data set inglgdiSCO films on LSAO as well as on STO substrates.

In LSCO films on LSAO substrates, increase in thedtent causes a clear and systematic decredbe ofaxis

lattice constant. In contrast, in all LSCO filmspdsited on STO substrates the c-axis lattice padgagssentially



constant within the experimental error. The sprigathe c-axis lattice parameter is larger in this case;attgbute
this to the difference in the crystal quality o€thSAO and STO substrates. The crystal qualithefdommercially
available STO substrates, grown by the flame-fusi@thod, is typically significantly lower than tqeality of the
LSAO substrates, grown by the Chochralski methodl, this could account for the large scatteringhie d-axis

lattice parameter for LSCO films on STO substrateswn in Figure 6.
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Fig. 6: Dependence of the c-axis lattice constanthe Sr content
in LSCO films grown on LSAO and STO substrates.

Our explanation for the systematic decrease ofcthris lattice parameter with increase in Sr confentLSCO
films grown on the LSAO substrates is as followstHis case, the films is under compessive steaid, its in-plane
lattice constanty, is reduced comapred to that in the bulk LSCO sampAssuming that the unit cell volume is
(approximately) conserved, we expect the out-ofiplkattice constant, to expand and be larger than in the bulk.
Since it is well-docummented that increase of theddtent leads to a decrease of the in-planedaftarameter, we
suppose that compessive strain should be reducedsascreased. As a consequenggeshould get shorter as the
doping levelx is increased — exactly as we have observed. Tbefutest this explanation, one should measure the

a, andby lattice parameters as well, and we hope to daethtise National Synchrotron Light Source at BNL.

Finally, we have studied our films in great detaing AFM. Roughness analysis of the AFM data slibilat two
films positioned at the outer ends of the arraytaionprecipitates which appear identical and whighbelieve to be
caused by excess in La content. From an extensingy ®f growth of hundreds of such films, we kndvatt this

type of precipitates (with the typical diametersafy 50 nm and the height of ca. 3 nm) are usuaigmof Cu defi-



cit — they are observed when during depositionréti® of (La + Sr) : Cu is higher then 2:1, by seveercent or
more. The nucleation of these precipitates webaitei to small deviation of the La beam profile fréme linear de-
pendence, which actually is noticeable when thesiéipn area is larger than 1”. We have verifieid tso by nu-
merical simulations. Indeed if an array of subssas used with some films separated more thannd”iithe
stoichiometry is optimized at or close to the cemtethe array, this effect causes slight off-shadenetry in the
films positioned at the outer edges of the array, this causes nucleation of secondary-phase defect

Figure 7: AFM images of four LSCO films grown sinarieously within a single deposition
experiment. The array of four LSAO substrates wastipned along the Sr gradient. The image
A corresponds to the LSCO film with the lowest 8ntent and D to the film with the highest
Sr content. The z-axis coordinate (perpendiculah&substrate) range is 30 nm in images A
and D while in figures B and C it is 5 nm. The reusface roughness is 2 nm in films A and D

and 0.6 nm in films B and




Tablel

Growth Film Chemical composition Substrate | ¢[K] Lattice constant €[A] AFM: Density of defects [1 jin?]

Experiment | No. / Height [nm] / Width [nm]
573 L2y 755 2:CUOk+s STO <42 13.1827+0.005 29/ .33/ 016

1 574 Lay 71S1.28CUOs STO <4.2 13.1843+0.005 No defects
575 Ly 66St 3:CUOks STO <42 13.1846+0.005 2.4/ 5%5/54+17
576 Lay ¢St 5 CUOk s STO <42 13.1925:0.005 2.65/3.242.4/ 35%14
579 L&y 85510 2:1CUOK+5 STO - 13.1908+0.005 58/3.6+2.8 / 36+15

2 580 Lay 66T 2:CUCks STO 56 13.1724+0.005 12/9.745.1/ 8224
581 Ly 76Sh.2CUOs STO - 13.18010.005 1.4/1.2+1.4/36£20
582 Lay 7St 2:CUOks STO - 13.1831+0.005 34/7.3+x4.4 7335
583 Lay 6751.15CUO,+ LSAO 40-41 13.2863+0.005 32.4/9x7 /8058

3 584 Lay s 16CUCss LSAO - 13.2935+0.005 1.3/5.5+4.3/91+38
585 L8y 6551 1CUOLs LSAO 37-38 13.2989+0.005 0.02 / 22+2.3 / 158086
586 Lay 5:S% 16CUOk+s LSAO - 13.2961+0.005 0.16/6.4+4.8 / 4424300
587 Lay 8:S10.18CUO:s LSAO - 13.2876+0.005 Dense defects

4 588 Lay 8:S1.18CUO LSAO - - Dense defects
589 L8y 765%.1CUOLs LSAO - 13.2936+0.005 1.03/5.3+8.4/ 267+161
590 Lay 7651 22CUOs+ LSAO - 13.2865+0.005 8.2/8+7/150+70
591 Lay 761 28CUQk+5 LSAO - 13.2863+0.005 16.1/9.546.3/ 10241

5 592 Lay 7651 20Uk LSAO 18-20 13.2881+0.005 1.37/8.045.1/ 157447
593 Lay :5%.26CUOLs LSAO 14-16.5 13.2895:0.005 0.036 / 6.3%4.3 / 26063
594 Lay 7551 5CUOk+s LSAO 13.2823+0.005 0.94/3.4+3.0/ 61+37
595 Lay 7:S1.26CUOs LSAO <42 13.2770%0.005 4.2/7.245.2/230£190

6 596 Lay 6651 30CUOks LSAO <42 13.2823+0.005 0.35/8.5%5.4 / 32590
597 Lay 6:Sh 3:CUQ5 LSAO <4.2 13.2710+0.005 0.020 /50+14 / 507+30
598 Loy 651 CUQk 15 LSAO <42 13.2769:0.005 4.9/55+3/100+26
599 Lay 63S10.3.CUQ 5 MgO <4.2 - -

7 600 Lay 6551 3:CUQss LSAO <42 13.2696+0.005 1.30/3.9£1.7 / 142462

Lay 551 sCUOkss LSAO <42 13.2705+0.005 0.04 / 4+2.2 / 170490

601 Lay 5512 CUOk s LSAO <42 13.2618+0.005 7.2/1.7+1.6/ 64236
602
603 Lay 60S1.16CUOs+ LSAO 27-28 13.2856+0.005 17.413.8£2.7 62%20

8 604 Lay 7651 16CUCss LSAO 27-28 13.2881+0.005 0.30/ 26420 / 77393
605 L8y 7751 5,CUOLs LSAO 26-27 13.2855+0.005 0.06 / 2345 / 740+46
606 Lay 765t 2CUOk s LSAO 27-28 13.2868+0.005 12.8/4.9+3.3/ 76126
607 L&y 76S1o.28CUQk+5 STO - 13.1823C0.005 14 /3.2+2.7 | 53+25

9 608 Lay 7S 2CUCk5 STO - 13.1973+0.005 No defects
609 Lay :5%.26CUOLs STO - 13.2037+0.005 0.06 / 9+4.2 / 13076
610 Lay 750 27CUOs+ STO - 13.1844+0.005 4.9/3.0£2.7 / 53+23




3. CONCLUSIONS
Using combinatorial molecular beam epitaxy (COMBE)e have deposited 1D combinatorial library of
La,.,Sr,CuQ, single-crystal thin films with different Sr conteabove the optimum doped level. A comprehensive
study of this LSCO library allowed us to charaaerthe COMBE method in detail, and the resultspaesented

here for the first time.

We have also developed and tested a custom-madiplengrobe transport measurement set-up that altbus to
measure within one week more than 20Q0) curves from different pixels in the 1D combinagbriibrary of
LSCO. We have also studied in detail the dependefdke crystal structure (specifically, tieeaxis lattice con-

stant) as a function of Sr content and the typepithxial strain (compressive or tensile).

For the LSCO films grown on the LSAO substrate fatend thec-axis lattice constant of films wecrease as the Sr
content was increased. This we attribute to theiged epitaxial strain due to decrease of in-plaitticé constant
with Sr doping. Next, we have detected a smallat@m of the beam profile from the linear dependemoticeable
for the deposition area larger that 1”. If an am@gubstrates is used with some films separateddre than 1” and
if the stoichiometry is optimized at or close te ttenter of the array, this effect causes slighstwichiometry and

in the films positioned at the outer edges of ttrteyaand gives rise to nucleation of secondary-plussects.
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