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Abstract

Great strides have been made in the area of thin film synthesis of cangiknals
and have led to numerous technological advancements in the variousrdiekesl to
nanotechnology. Among these materialsyquskite oxideshave been identified asn
immenselyimportantmulti-functionalclassdue toexhibiing a large varietyof materials
propertiesincluding ferroelectricityMuch progress has been made indbeelopmenof
ferroelectric perovskite oxidesbut an important and often overlooked aspect of
ferroelectric applications, besides the growth of the ferroelectrit iséhe impact othe
contacting metallic electrodeseded for most deviceghe choice of electrode material
and the control over the quality of the ferroeleetnietal interface can be instrumental in
the resultingmaterial and devic@roperties.Unfortunately, model electrode materials
mostly contain difficult to wor klowwvapgorh or
pressures, in evaporation techniques, or low oxidation potentials, in gdhesplte tie
construction of ferroelectrimetd heterostructures having a largepact on device
fabrication deposition of these desirable electrode materials with atomic precision remains

challenging.

Molecular beam epitaxyMBE) has come to the forefront as a leading thin film
deposition techniquéor the growth of theséerroelectricperovskiteoxide materialsand
capacitor heterostructur@s a high-quality manner and wittsome ofthe best figures of

merit. However,deposition involving these stubborn elements has not progressed much



past using enventional electrofveam evaporation approaches to overcome low vapor

pressures and highly oxidizing agents like ozone to overcome low oxidation potentials.

To depositmetals and metal oxides a simpler, more costffective, and safer
manney a modification of MBE was developed fdret first time here in this work and
henceforth referred to @slid source metabrganic MBE The growth of the simple metal
Pt, binary oxide Ru&) and complex @rovskite oxide SrRufare shown usingnetat
organicsource temperatures less than 1Q@@npared to the greater than 2000°C needed
in conventional electreabeam techniqueg:urthermore the metals in thessolid metal
organic precursors are in a peidized state, come bonded with an additional source of
oxygen, are air stable, n@axic, and can be used directlywacuum instead of requiring
complicated external gas inlefehe growth results from this novel technigo&#oduceit

as another advancenten the long history of MBE.

Additionally, with regards to the ferroelectric mater@ntrol over complex oxide
stoichiometry has remained one of the largest issuegwaitide MBE synthesis. Here, a
different but rapidly expandingnetatorganicbasedMBE approach hybrid MBE, was
employed for the growth of ferroelectric and dielectric perovskite oxides with great control
over the cation stoichiometry and, therefore, the structure and properties. The prototypical
ferroelectric BaTiQwasstudied as well as the consequence of substituting Sn for Ti in the
growth of the complete BaT#d BaSnQ alloy systenfor the first time in MBETogether,
these two approachegereutilized anddeveloped for thgoal of creatingll-epitaxialin-

situ-grown ferroelectric capacitors.



Table of Contents

ACKNOWIEAGEMENTS ... e e i
Y 0111 = Tod TR ii
LIST Of FIQUIES... et e e e e e e e e e e e e e e anenseaaaeeeaaes Vil
LISt Of TADIES ... ..ttt nene e XXili
O 11 To [1 o 1o o [P PP TP PP PPR R RRRPRPPPPR 1
1.1 PeroVsKite OXIOBS.......cccuiiiiiiiieiiiiiimmme e e e e e eeeeeieaatiss s s s e e e e e eeeeeen 2
I B 1= =T o 3 RPPPPPPN 4
1.3 FerIrOEIECHICITY . ..ccc e e e e e e e e e e emeas 6
1.4  Opportunities for Ferroelectric TUNING............oovvviiiiiiiiimree e 8
1.5 Challenges with Ferroelectric Heterostructures............cccoeeeeeveeeeicceeeeennn. 10
2. Oxide Molecular Beam EPItaXy..........cccvviiiiirriiuuiiimmmreeeeeeeeesssniese s s e e eeeesssnnnnns 13
2.1 History of Physical Vapor Depositian..............ueeiiiiiiicceciiiicciie e 14
2.2 Development of Molecular Beam Epitaxy...........ccceeeeeviiiiieeeieie e, 16
2.3 Technique CoOmMPAriSOL......cccciieeeieeeieeiiiieeei e eee e enme e e e eeee s 18
2.4 Challenges with Oxide Molecular Beam Epitaxy............c.cccevvvvvimemeeeeeennn. 22
2.4.1  Cation Stoichiometry CONtral..........cooooiiiiiiiii i 22
2.4.2  Anion Stoichiometry and OXidatiQn..............ooiiuiiiiiieemiiiiee e 27

P S T Yo 11 ] (ot =B @ (o = 11 o 30
2.4.4  Stubborn Metals: Ultrhow Vapor Pressures and Oxidation Potasti............ 31
245  GroWth Rale... ..o e e e e e e e e e e e e e e e e e e e anen e 32

2.5 Outlook for Oxide Molecular Beam EpitaXy..........coouvriiiiiiiiiimneeee s 33



3. Growth, Characterization, and Device Fabrication...........ccoevoveiiisieeeeeee, 36

3.1 Hybrid Molecular Beam Epitaxy Growth................uuueeiiiicceeeeeeiiiiinennn 36
3.2 X-Ray DIffraCtion..........cooveiiiiiiiiiiicceeeer s errna e e e e e e e e e 38
3.3 Reflection HighEnergy Electron Diffraction............ccccccoovviiiiieenni e, 43
3.4 X-Ray RefleCHVILY.....ccoiiieee e 46
3.5  ALOMIC FOrCE MICIOSCOPY.....ceisieuuueittttiieeeieeeiiiibbbbeee e e e e e e s eeereneeeeeeeeees 48
3.6 X-Ray Photoelectron SpectroSCARY..........ccccuurrrrrmmimmmiiiiiiiiirieeeeeeeeeeeeenas 49
3.7 IMPEAANCE SPECITOSCOPY. ...evvrerrriiiiiiiiieeeieamteeetee e e e e e e e e e e e e e e e s simmne e e e e e e e 50
3.8 MetakinsulatorMetal Device Fabrication.............ccccovvviiieeeee e 53
4. Hybrid Molecular Beam Epitaxy Growth of BaTiOa.......cccovvveeiiiiiiiiiiiiiceeee. 56
ot R [ 01 (oo (U Tod 1 o] o PO P PP PPRPP 57
4.2 Hybrid MBE Growth and Characterization..........cccccceeeeeeiiieeseiiiiieneeeeeenn, 58
4.3 Growth WINAOW. .. ..ottt ieeeiiiiiieie e eseeereeeeeeeee e e e e e e e e e e e e e 60
4.4 Thickness ad Temperature Dependence.............coovvvveviieeeeeeeeeeeeeeeeeiiiinns 64
5. Challenges with BaTiQ CapacitorS........cc.uuuvuurririeieiriieesrieireeeeeeeeeeeeaeeaeeesseenes 69
5.1 BaTiOz Dielectric MeasuremMenLt. ...........uuviieeiiiiimmmiiiieeee e e rmeenaes 69
5.2 In-situElectrode Growth............ccooiiiiiiiiieenee e 72
5.3 Measurement din-situ Electrode DeviCe...........cccceeeiiiiiiieeciieeee e 78
5.4 Device Fabrication ROULES..........ccoiiuiiiiiiiiice e 79
5.5 OULIOOK ...t 83
6. Dielectric Response in BaSn@films ... 85
6.1 INTrOQUCTION.......uiiiiiiiiiiiiie ittt nene s 86
6.2 Growth, Fabrication, and Characterization..............cccccooecemeiiieiieeennnene 37
6.3  Effect of StOIChIOMEIIY.......cciiiiie e 89

Vi



6.4 Temperature DEPENUENCE........ccceeiiiiiiiiiieeee e 92

6.5 Defect SIMUIALION. ......ccciiiiiiiiii e 93
7. BaTiO31 BaSNOs AllOY SYSIEM.......uuiiiiiiiiiiiiiiiiiiiceeiiiiieerieeee e e e e esreeeea e 96
7.1 Composition CONLIQL......ccoeeeeieiiiiiiieeeeeee e 97
7.2  Symmetry and Polarization...............coouuiiiiice i 100
7.3 LOCAI DISOIUEN......cciiiiiiiiiiiieeee et 106
8. Solid Source MetatOrganic Molecular Beam Epitaxy.............uueeeiiiiieneiieenes 111

81 Challenges wit h..ASt.ub.bar.no.. . Me.t.alll

8.2 Solid Source MetaDrganic Molecular Beam Epitaxy Appa................. 116
8.3 Platinum GrowWth..........coooiiiiiiiiii e 120
8.4 RUG GIrOWEN.....coiiiiiiiieeee e e 124
8.5  SIRUQ GIOWLN. ..ot e et e e e e e e e e e 127
8.6 OULIOOK ...ttt as 129
9. Highly Conducting Epitaxial RUO2 ...........cccoiiiiiiiiiiiiieeeiiiieiiiieeeeee e 134
9.1 RUG BACKGIOUNG.......uiiiiiiiiiiiiiiiiiit ettt e e et e e e e e e e e e e e e e e e 134
9.2  Growth TEMPEIatUre........cccoeiiiiiieiiiiiteeme e 136
9.3 FilmM ThICKNESS. ...cciiiiiiiiiiiiee e 142
9.4  EIeCtroniC Properties........cccoooiiiiiiiiiiiieemee e 145
10. Summary and OULIOOK...........ccoiiiiiiiiiiieeee e 148
REIEIENCES. ...t e 152

Vil



List of Figures

Figure 1.1.Circle of select properties that can arise in the perovskite oxide class of
materials. The center shows the prototypical perovskite oxide crystal
STTUCTUI . ettt ettt eeeee e e e e e et e e e et e e e et e e e ernnaeees 2

Figure 1.2.Periodic table of elements showing which possible elements have been
shown to fit into the perovskite (ABX crystal structure. For perovskite
OXIAES, X = OXY TN ceiiiiiiiieeeeee et r e eeee s 3

Figure 1.3.Examples of point defects that can form in perovskite oxides. Perfect
crystal on the left, defeghcorporated crystal on the right. The crystal will
usually incorporate defects through distortions and tilts of the oxygen
octahedral, MoPICtUrEed NEIe...........uuueeiiii e 5

Figure 1.4. Polarization vs electric field for (a) dielectric, (b) paraelectric, and (c)
ferroelectric Mmaterial...............vuviiiiiiii e 7

Figure 1.5.Schematic representation of the depolarization regions occurring when
a ferroelectric film is grown between two metallic electroddglotted as
the inverse of the dielectric constagainst the distance across the metal
ferroelectriemetal heteroStruCIUre.............oooiiii i 11

Figure 2.1.Timeline of the introduction of PVD techniques, including some of the
modifications that have arisen with a focus on the development of MBE
SPECITICAIIY ... .cceieiii e e ———— 14

Figure 2.2.Timeline of the development of MBE for a variety of impactful classes

of materials and AISCOVEIIES.. ....cuie e 17



Figure 2.3: Adsorptiorcontrolled MBE growth windows goverdeby the
thermodynamic equilibrium curves if solid metal sources are used for (a)
GaAs, (b) PbTi@, and (c) SrTi@. Two sets of lines for both reactions are

shown in the case of SrTi@ue to uncertainty in the thermodynamic data.

Figure 2.4: (a) Outof-plane lattice parameter (left axis) and Sn:Ba atomic ratio
from Rutherford backscattering spectrometry (RBS) (right axis) inidthybr
MBE-grown BaSn@ films. (b) Roomtemperature electron mobility (left
axis) and carrier concentration (right axis) showing the enhanced electronic
properties within the adsorpticmontrolled MBE growth window.
Reproduced With PErmiSSIGAL............cooveieeiiiie e eee e 26

Figure 2.5: Standard oxidation potentials using arference electrode for select
metal$>3which are commonly used or sought after in MBE growth. Metals
are ordered fromdrder to oxidize to easier to oxidize, left to right. The
dashed line is a guide for the eye.......ccccevveeiiiiiiiiieeee e, 28

Figure 2.6: Schematic of the various common methods of delivering metal sources
and oxidants in oxide MBE. Interchanging between sources has led MBE
to become a very flexible teChNiQUe...........cccoeeeiiiiiiiieeee e 34

Figure 2.7.Record electron mobility for MBE and ndMBE films of SrTiG; at 2
K,143144BasSnQ at 300 K!%818and SrSn@at 300 K17087 ... 35

Figure 3.1. Schematic of the external gas inlet systems used in the hybrid MBE

0o 31 TP 37



Figure 3.2. Schematic view of XRD saip and the incident, diffracted, and
o= L= (10 IR/ (o] S 39
Figure 3.3.HRXRD coupled scan of a Ru@Im grown on Ti& (101) substrate.
Laue oscillations are present and give a film thickness of 15 nm. Estimation
of the thickness from the Scherrer equation is 13 nm, in pretty good
agreement with the thickness fringes, indicated the lack of considerable
(101 o (0 1] (=] T PP PP PPPPPRSRRPPOY 40
Figure 3.4. (a) Reciprocal lattice points for both a substrate (blue) and film
(purple). Red line outlines a scan around the (103) peaks. Scanning in the
radialdirecon i s 2d whil e t hre(b)t(1@3) BSMmot i a | dire
a completely relaxed 400 nm BTO film grown on a-dped STO (001)
substrate. Expected relaxed and completely strained positions are marketB
Figure 3.5.Schematic view of RHEED which involves an electron gun, crystalline
substrate/film, and the collected RHEED pattern..............cccoovvvvieeeneeeeee. 44
Figure 3.6. Typical surface morphologies and the corresponding reciprocal and
RHEED patterns. Reproduced with permissit...........c..cccceevvevviveeeeennennn . 45
Figure 3.7.GIXR experimental data and simulated fit to the Kiessig formula for a
BTO film grown on a (LaAlQ@)o.3(SrTaAlOg)o.7 (LSAT) (001) substrate.
The fit gives a film thickness of 27 NM............ceiiiiiii e 47
Figure 3.8.(a) Simple schematic of an AFM sap. (b) AFM image of a 20 nm
BTO film grown on a Nkdoped STO (001) substrate. Atomic steps can be

seen on the surface with the height on unit cell of BTO................cccovvieeeen. 48



Figure 3.9.(a) Schematic view of a photoelectron emitted from a core level of an
atom due to an incident-Ky. (b) Representative XPS survey spectrum of
RuQ; grown on Rplane sapphire{Al1203). .......ccccvirieeiiiiiiiiiieeeeee e 50
Figure 3.10.(a) Side and (b) top schematic view of fabricated BTO MIM capacitor.
Electrode radii in panel (b) from smallest to largest are 25, 50, 75, 100, 150,
200 , 2 O - o PP 54
Figure 4.1.(a) HRXRD, (b) AFM, and (c) RHEED of 46 nm BTO/Mlmped STO
(001) (blue) Ti:Ba BEP ratio of 13.7. The inset of (a) shows a zoemed
look at the (001) peak. (d) Cressctional HAADFSTEM image of the
film-substrate interface of thicker 240 nm BTO grownNimdoped STO
(001), viewed along the [100] zone axis. The dashed white line draws the
Burgers circuit around a misfit dislocation with the white arrow signifying
the Burgers vectds = a[010]..........ooorimmiiiiiiicic e 59
Figure 4.2.(a) Lattice parameters of BTO films grown on Nb:STO before (light
color) and after (dark color) oxygen annealing. (b) (103) RSM of BTO film
at the peak lattice parameter growth condition Ti:Ba = 13.7. (c) Theskne
(d) unit cell volume, and (e) FWHM of (002) rocking curve. (f) AFM and
(g) RHEED images along the substrate [100] azimuth with varying Ti:Ba
growth conditions. White arrows mark surface reconstruction streaks......61
Figure 4.3.(103) RSMs of 4952 nm BTO films grown on Nb:STO with varying

Ti:Ba BEP flux ratios. All intensity ranges are kept the same and shown

Xi



next to (g). Expected relaxed and coherently strainedhsiite peak
positions ar e..mar.ked. . .wi.t.h..x0.s.....63
Figure 4.4.(a) HRXRD of 20 to 500 nm BTO samples before and after oxygen
annealing, increasing in thickness from bottoon top. (b) Thickness
dependent owbf-plane lattice parameter taken from both peaks when
present, representing and a-axis domains. (c) FWHM of (002) film
rocking curves. All flms were growat t he peak | attice par e
condition,. TMalBiuae s= rle.ofrted in panels b
oXygen ann.eal i o) 65
Figure 4.5. (103) RSM of 500 nm BTO film grown on Nb:STO after oxygen
annealingshowing completely relaxed lattice parameters.............cccceeevn... 66
Figure 4.6.(e) Temperature dependent -@ftplane lattice parameters of 50 nm
and 350 nm BTO films grown on Nb:STO withi : B a . Arrowk Bark/
Curie temperaturesl§). Dashed gray line is bulk single crystatlomain
(c) anda-domain tetragonalal) as well as choic (ac) lattice parameters.
Inset shows the Curie temperatatenging with the owbf-plane lattice
(02 1= 1 1< =T PPN 67
Figure 4.7. Temperature dependent HRXRD pattevh&) 50 nm BTO film grown
on Nb:STO and (b) 350 nm BTO film grown on Nb:STO. Extra peaks are
present in (a) due to 1) lack of monochromator and 2) Au and Pt sputtered
on the film for future dielectric measurements. All other HRXRD

measurements in thigport used monochromatedrys...........cccceeeeeeeeeeeene. 67

Xil



Figure 5.1.(a) Dielectric constant and (b) loss tangent of 46 nm BTO films grown
on Nb:STO with Pt top electrode. Dark lirgea fit to the inset equivalent
(o] (ol B | PSP EP PP PP 70
Figure 5.2. Thickness dependence of the dielectric constant of films grown on
NDISTO ittt e rmmr e e e e e e e e e s e e e bbb nne s 71
Figure 5.3.(a) HRXRD of 46 nm BTO/Nloped STO (001) (blue) and 43 nm
BTO/La-doped STO/STO (001) (green) grown at Ti:Ba BEP ratios of 13.7
and 15.2, respectively. The inset shows a zoeméabk at the (001) peaks.
(b) AFM and (c) RHEED of representative 46 nm BTO film grown on
Nb:STO. (d) AFM and (e) RHEED of representative 43 nm BTO film
OrOWN ON LAISTO. it mmmr e e e e e e aa s 73
Figure 5.4.(a) Lattice parameters of BTO films grown on Nb:STO (blue) and
La:STO (green), before (light color) and after (dark color) oxygen
annealing. (013) RSMs of BTO films grown on (b) Nb:STO and (c) La:STO
at the peak lattice parameter growth dition, Ti:Ba = 13.7 and 15.2,
respectively. (d) Thickness, (e) unit cell volume, and (f) FWHM of (002)
FOCKING CUINVE.....oiiieiiiee ettt eeee e e e e e e e e e e e e e 74
Figure 5.5.Thickness dependent (a) lattiparameter and (b) (002) rocking curve
FWHM of BTO films grown on Nb:STO (blue) and La:STO (green) after
oxygen annealing. All films were growa t the peak | attice j
growth condition, Ti:Ba = @OI3BRBMon Nb: STC

of (¢) 500nm BTO film on Nb:STO and (d) 400 nm BTO film on La:STO.

Xiii



(e) Temperature dependent -@ifitplane lattice parameters of 50 nm and
350 nm BTO films grown on Nb:STO and 400 nm BTO film grown on
La:STO. Arrows mark Curie temperaturés)( Dashed gray line is bulk
single crystat-axis () anda-axis tetragonalg) as well as cubic) lattice
parameters. Inset shows the Curie temperatuaaging with the oubf-
plane lattiCe parameter.............ooeeiiiiiiiiieeee e D
Figure 5.6. (ard) Film heterostructures and AFM images of BTO films with
insulating and conducting bottom boundary conditions on STO (001) and
LSAT (001) with Ti:Ba = 14.2. HRXRD of insulating interface BTO/STO
(dark green) and conducting interface BTO/La:STO (green) film
heterostructures grown on (e) STO (001) and (f) LSAT (001)................... 77
Figure 5.7.(a) Thickness dependencktbe dielectric constant of films grown on
Nb:STO and La:STO. (b) Nyquist plot, imaginary vs real part of impedance,
for ~ 45 nm BTO films on both Nb:STO and La:STO. Inset shows high
frequency, low impedance values. Solid lines are fits to the respective
equivalent circuits, shown in (c). (d) Thickness dependence of the dielectric
constant taken from only the film component (QP&btained from the
equivalent CIrCUIL fIttiNG.........oooiiiiie e e 79
Figure 5.8. Schematic pathways for device fabrication of three BTO samples
grown on Nbdoped STO(001) substrates............cccevvvvveevvimemeeeeeeeeeeeeeeiiianns 80
Figure 5.9.Nyquist plot for Sample A, B, and C. Inset shows zoomed in plot at

low real and imaginary impeadanCe..........cccccuveeeiiiiiiicccieeee e 81

Xiv



Figure 5.10.Dielectric constant{y)éand loss tangent (téhvs frequency for (a)
and (c) Sample A and (b) and (d) Sample B, respectively. The discontinuity
in the data around $®z is an artifact from the measurement.................... 82
Figure 5.11.(a) Simulated band alignment of BTO and Nb:STO. (a) Current vs
voltage for a 50 nm BTO film grown on Nb:STO compared to a single
(03 Y25 - 1SS 83
Figure 6.1 HRXRD pattern for a 40 nm BSO film on Nioped SrTiQ (001)
substrate after complete capacitor fabrication. Inset shows a schematic of
the deVICE SIUCTUN.......oii it 88
Figure 6.2: Frequency dependence of (8) a n d Ufdgr stoichiameetric (40 nm),
Sndeficient (49 nm), and Bdeficient (47 nm) BSO films. Error to the RBS
composition is £0.02. Solid lines are fits using the schematic equivalent
circuit as illustratedn the inset incorporating electrodec()Rand film (R)
resistance, film capacitance in terms of a constant phase elemeny}, (CPE
and inductance (L). Film thickness dependence offic) and tford) t an
stoichiometric and Baand Srdeficient films meased at 100 kHz. Dashed
line is a guide to the eye. Error bars are of the size of symbals................ Q0
Figure 6.3: Temperature dependence of () a n d U rheasured ah WkHz
for stoichiometric (40 nm), Sdeficient (49 nm), and Bdeficient (47 nm)
BSO films. Error to the RBS composition is £0.02 and error bars are of the

SIZE Of SYMDOIS.... .o 93

XV



Figure 6.4. (a) Atomic configuration of defedtee 2x2x2 BSO supercell. (b)
Atomic configuration showing probably defect complex formation when
Ba-deficient (Ba and O vacancy) and -8eficient (Sn and double O
vacancy). (c) Table of formatiamergies from DFT simulations for single
defects and defeCt COMPIEXES...........uvvuiiiiiiii i 95

Figure 7.1.(a) High resolution Xray diffraction patterns of ~ 45 nm BaJ&nO3
films on SrTiQ (001). (b) Atomic percentage of Sx) fletermined by XPS
plotted against the atomic percentage estimated from BEP ratio. (0f-Out
plane lattice parameterogaand (d) FWHM of film (002) rocking curve.
Solid line in (c) is the expectedsdd r om Ve g a.r.d.d.s...l.aw..98

Figure 7.2. Schematic representation of SHG measurement. Incident beam of
frequencyy interacts with a sample and combines to a collectgthbPy,
after residual incident signal is filtered out. The collected signal intensity
along the two direction3, @ nd) Ub¢ can be fit to determine the crystal
5377 1010011 /PSPPI 101

Figure 7.3.SHG polar plots for BTSO films, decreasing Sn incorporation from left
to right. The point group obtained from each individual fitting is found in
the top right of the plot. No signal was seenxferl and 0.69...................... 102

Figure 7.4. Temperature dependent-@a SHG intensity upon heating and then
cooling to 400°C and ¢B) aop upon heating obtained from HRXRD. Error

bars for allagp are the same but only displayed for the first data paint.....104

XVi



Figure 7.5. Roomtemperature square root of the SHG intensity, which is
proportional to polarizationplotted against the Sn to Ti ratig, after
heating to 400°C and then cooling. Point groups are noted for samples in
each respective region. The boundaries are not exact.............ccceeeveemenns 105

Figure 7.6.(a) Crosssectional HAADFSTEM image of the BTOx(= 0) sample,
viewed along the [100] zone axis. (b) Atomic resolution image of select
region highlighting the rock salt structure, signifying a1stwichiometric
MALETIAL..... e 106

Figure 7.7.HADDF-STEM image and STENEDX mapping of Ba, Sn, and Ti for
(@)x=0.09 and (BX=0.48........cceiiiiiiiee e 107

Figure 7.8.HAADF-STEM images of the filasubstrate interface for (&)= 0.09
and (e)x = 0.48. Arrows mark examples of disordered regions due to misfit
dislocation formation. Purple and black dashed lines signify PNRs and
doman walls, respectively. Highlighted area is the region of the (b) and (f)
projected displacement (polarization) maps, away from thedilbstrate
interface. Histograms of the eaf-plane and irplane components of the
projected displacement are given(@ and (d) forx = 0.09 and (h) and (i)
for X =0.48, reSPECHIVEIY.......cccoiiiieeeee e 109

Figure 8.1.(a) Vapor pressure®(sp) for a variety of commonly used metals in
thin film deposition processes. Dashed lines are linear extrapolations. (b)
Vapor pressure of Pt(aca@gnd Ru(aack compared to commonly used

metalorganics and metals in MBE............cccooo i 115

Xvil



Figure 8.2.Schematic of solisource metabrganic MBE technique...................... 119
Figure 8.3. (a) HRXRD of Pt films on SrTi@(001) substrates with increasing
substrate temperature from bottom to top. (b), (d), () RHEED and (c), (e),

(g) AFM of substrate temperats 930°C, 760°C, and 630°C, respectively.

Figure 8.4.(a) HRXRD and (b) AFM of 70 nm Pt film grown on conducting-Nb
doped SrTiQ (001) substrate. Inset of (a) shows RHEED along the
substrate [110] and [100] azimuths. (c) Resistivity of 70 nm Pt film grown
on insulating SrTi@ (001) substrate. Red line is fit to BlacBrineisen
DENAVION........eeieeee s 123

Figure 8.5.HRXRD of (a) 12 nm Ru®film grown on TiQ (110) and (b) 16 nm
RuG film on TiO2 (101) substrates. (c) Resistivity of (a) and (b) compared
to the bulk. (d) Residual resistivity of Rufims grown with two different
Ru(acaq precursor purities (open circles = 97% and closed circles =
99.99%) compared to recerbeam MBE reports bRuf et al?*° (squares)
and Uchidaet al?®® (triangle).Single reports on Tie(101) shown as open
SYMDOIS WIth CIOSS....eviiiiiiiiei e eeee e 125

Figure 8.6. RHEED and AFM images for Y& nm RuQ film grown on TiQ (110)
substrate and (b) 16 nm Rgfdm grown on TiQ (101) substrate. RHEED
was taken down the film crystallographic direction notified in the bottom

left of the resSPectiVe IMAJES...........uuiii i 126

XVili



Figure 8.7.(a) HRXRD of SrRu®@film grown on SrTiQ (001) substrate. RSM of
(103) peak shown in inset. (b) Resistivigmperature on the left axis and
magnetic momentemperature under zero magnetic field on the right axis
of the same SrRuffilm. Dashed line at 149 K marks the onsst
ferromagnetism. (c) Total Hall resistance at 75 K with arrows signifying the
field sweep direction, forward and then reverse..........ccceveeeeeeeecccccceennn, 127

Figure 8.8.Magnetic momentemperature of 16 nm SrRu@Im grown on SrTiQ
(001) under zero magnetic field and under a 2 T field cooling along the
[100] substrate direction (2T FC). Inset shows magnetic memagnetic
L0 L A T PP PPPPPRR 129

Figure 8.9. (a) Number of publications (tdate) for materials containing select
elements such as Pt, Ru, Ir, and W illustrating a large gap between their
importance and the current ability to synthesize thetfmimfilm form. Blue
bars represent all the publications on the topic involving materials
containing Pt, Ru, Ir, and W, green bars represent the number of
publications on thin films containing Pt, Ru, Ir, and W, and red bars
represent the number of publicas on the topic of MBErown films
containing Pt, Ru, Ir, and W. Inset shows the same plot on the dogle.

(b) Standard reduction potentidtof using a H reference electrode for
select metals plotted against the temperature at which their vapor pressure

is 10° Torr**®. Boxed elements represent ideal candidates for solid source

Xix



MOMBE due to their ultrdow vapor pressure and low oxidation potential.

Figure 8.10. Residual resistivity ratioRRR of Pt thin films from this report
compared to literature reports frorabeam evaporation and magnetron
sputtering PVD tehniques>:27¥76To the best of our knowledge, there are
no reports ORRRfOr PLD Pt films.......coooviiiiiiiiii e 132

Figure 8.11.The considerable amount of metajanic acetylacenates which are
(green), or have been (blue), commercially available by Sigidiach. The
ones tested here, for Ru and Pt, are shown in.red............ccccccevveceerinnee 133

Figure 9.1.Rutile crystal structure and lattice parameters for RuOt he @A si mpl eo
binary oxide which exhibits many different propedpyplication
FEIAtIONSIPS.. ..o 135

Figure 9.2.(a) HRXRD patterns for Rugilms grown onr-Al20s with increasing
substrate temperature from bottom to top. (b)-@iytlane (101) plane
spacing, (c) growth rate, and (d) FWHM of the rocking curve (101) film
peaks. RHEED along the filnp 1t gazimuth and AFM images before, 10
minutes into, and after growth for substrate temperature of (e) 750°C, (f)
550°C, AN (G) 300°C.......eiveeeeeeeeeeeeeeereeeeeeees oo eeeeetesee s s soeeees e e et eeeeeeeean 137

Figure 9.3.(a) HRXRD patternaind (b) (101) film rocking curves for Ru®Ims
grown onr-Al>03 at Tsup= 300°C with increasing thickness from bottom to
top. (c) Outof-plane (101) plane spacing and (d) FWHM of the (101) film

FOCKING CUINVE PRAK-......uuuieieieiiiii e e eeeee et e e ereee e e e e e e e e eeaaaaas 139

XX



Figure 9.4. (a) XPS survey spectra of Ru@ims on r-Al.Os with different
substrate temperatures. (b) Atomic ratio of O:Ru. Higksolution XPS
spectra around (c) the Ruand carbon peaks and (d)Rupeak. AIO peak
signal is seen alsun= 750°C and 850°C. SD peak is seen for thBup =
350°C but the souec is unknown, most likely from accidental
contamination POSYrOWLN...........cooiiiiiiiiii e 140

Figure 9.5.(a) HRXRD patterns of Ruilms grown on a variety of Tigsubstrate
orientatims, (101), (110), (001), and (100) from bottom to top. Film
thicknesses are 16 nm, 12 nm, 20 nm, and 10 nm, from bottom to top. (b)
Crosssectional HAADFSTEM image of 16 nm RuQhin films grown on
TiO2 (101) in thert p (top) andp 1 @gbottom) directionand STEMEDX
(energy dispersion Xay) elemental map. The EDX map was constructed
using RuLgand TiKgedges. (c) Atomicesolution HAADFSTEM images
Of the RUQ-TIO2 INtErfaCe...........vveiiiiiiiiei e 141

Figure 9.6.(a) HRXRD patterns of Rugfilms grown on TiQ (110) substrates
with increasing thickness, from bottom to top. (332) RSM for (b) 26 nm and
(c) 6 nm film. (310) RSM for (d) 26 nm and (e) 6 nm film........................ 142

Figure 9.7. RuQ; film (220) rocking curves for (a) 26 nm and (b) 6 nm film grown
onTio;(110). Gaussian fits are shown for
(c) FWHM of the narrow and broad fits and (d) intensity ratio of broad peak

intensity to total intensity for2R0) film peaksS.........cccccceeeiveieiiiiiiicee e 144

XXi



Figure 9.8.(a) Resistivity vs temperature from Rufims grown on TiQ (110).
Residual resistivity, taken at 1.8 K, for Ru@rown on TiQ (110) (filled
circles) and om-Al >0z (open squares) vs (a) film thickness and (b) intensity

ratio of broad peak intensity to total intensity for (220) film peaks........... 145

XXil



List of Tables

Table 2.1.Advantages and disadvantages of conventional PVD techniques as well
as two of the metadrganicbased MBE modifications.................ccccceeiveeeeenn. 19
Table 8.1. Factors which are critical to consider in physical vapor deposition

TECNNIQUES.. ...ttt e e e e e e e e e e e e e e e e s s as 118

XXili



Chapter 1

1. Introduction

Devices and heterostructures involving ferroelectric materials have found use in a
variety of applicationgncludingnonvolatile memories,energy storing capacitofs,and
heat to electricity energgonversion device3® Much work hasbeen done on the thin
growth of these materials, with goals in enhancing piezoelectric and ferroelectric
responses, identifying ledcee materials to compete with leading toxic leded ones,
and understanding the complex role of boundary conditions whesting ferroelectric
heterostructure$’*? In particular, from this last goal, it has become clear that certain
materials behave well as metallic electrodes in a conventional ferroelectriemsetator
metal structure, while others do fét* Unfortunately, many of the most widely sought
after metallic materials are difficult to work with in deposition techniques, for example Pt
and SrRu@ These materials containdift ul t t o wor k wi th, or fist
have ultralow vapor pressures and/or low oxidation potentials. While deposition of a

variety of materials have advanced in recent yeansple but yetatomically-controlled

deposition involving these stbbrn elements has been lacking.



In this thesis work, a new atomically precise thin film deposition technique will be
introduced for the synthesis of some of these challenging materials. Additionally, existing
techniques will bebuilt uponfor the growthof the prototypical ferroelectric perovskite
oxide BaTiQ (BTO) as well ago study theenhanced properties achieved when modifying
with Sn, all with the goal of fabricating highuality capacitor structures for applications

like energy conversion and stoeag
1.1 Perovskite Oxides

Perovskite oxides are a class of material which have been widely studied due to
possessinga variety of interesting properties andmultiple functionalities, including
ferroelectricity, andn many cases within the same mateftgk These materials ideally
crystallize into a cubic structure of the space grBugm with the chemical formula
ABOg3, where the Asitecationsits at the corner of the cubic lattice and thsitBcationin

the body centesurrounded by an oxygemionoctahedronas can be seengure 1.1.
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Figure 1.1. Circle of select properties that can arise in the perovskite oxide class of
materials. The center shows the prototypical perovskite oxide csystature.



Part of the reason so many different properties can be found within this class of
materials is their ability to substituéelarge majority of thelemens in the periodic table
at the A and/or Bsite, as shown in Figure 1.Zhroughthechoice of theeA- and Bsite
cations, propertieand materialsuch as high temperature superconductifityplossal
magnetoresistanég, ferroeledricity,”?#?° multiferroics?® or transparent conducting
material$' can be achieved. A large focus of this work will retbe structurgroperty

relations that arise through choice of the ahd Bsite as well as from other material

synthesis conditions.
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Figure 1.2.Periodic table of elements showing which possible elements have been shown
to fit into theperovskite (ABX) crystal structuref-or perovskite oxides, X = oxygen.

Although the prototypical crystal structure for perovskite oxides is cotaoydo
not stabilize into the ideal cubic structure amsteadare distorted due to the relative size

of the ionsas different elements are substituted into the structlihese distortions can
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also lead to interesting functionalitieadcan bedescribed by the Goldschmidt tolerance

factor ¢),2” defined as

0O — (1.1)

wherera, rs, andro are the ionic radisof the Asite element, Bite element, and oxygen,
respectivelyThe tolerance factoypically will range from 0.8 to 1.1yith the further from
t = 1, the further distorted the structure becomeda@sslof crystasymmetry andtability
can occur® These changes in structure are typically stabiltheoughoxygen octahedral

tilts and/or distortionsind can lead to drastic changes in propeffies
1.2 Defects

Defects also play a large role in the properties of perovskite oxidésare a
commonly overlooked aspect in theustureproperty relationshigMaterial defects come
in many different forms: bulk defects like pores, cracks, or flakes, planar defects like grain
boundaries, twin boundaries, or domain walls, line defects like dislocations, and point
defects like intergtials, vacancies, or substitonal defectsWhile all are important for
device applicationswhen it comes to thin films, especially single crystalline thin films

which will be the focus of this worlgoint andline defects play the largest role.

For point defects, nosstoichiometrierelated defects are most common when
synthesizing perovskite oxides. These can be related to-$ite £0 Bsite cation ratigot
being oneto-oneor the material being oftoichiometry in terms of the oxygen content.
For the former, any of the point defects mentioned can occur when one of the metallic

elements is in excesd the othey for example antsite defectsFor the latter, oxygen
4



vacancy formatioms a common occurrence in perovskite oxides if the oxidationitong

are not suitablePoint defects can also occur as defect complexes, where the energy of
formation is lower fotwo or morepointdefects to form together, rather than just one. For
example, a cation and oxygen vacancy tied together rather tharcatgin vacancyther

point defects such as from extrinsic impurities are also posaiie based on the

cleanliness of theynthesis approach.

Interstitial Anti-site

Defect

=

Formation

Oxygen Vacancy Cation Vacancy

Figure 1.3.Examples of point defects that can form in perovskite oxidese®erfystal
on the left,defectincorporatedcrystal on the rightThe crystal will usually incorporate
defects through distortions and tilts of the oxygen octahedral, not pictured here.

Dislocations are the most frequent of the line defezdpecially in the thin film
growth of perovskite oxides$iere,thefocuswill be on the epitaxial growth of perovskite
oxides, where crystal growth occurs and is heavily influenced by the lattice spacing,
symmetry, and orientation of the crystalline gtdte on which the film is growrLattice
mismatch is the difference in the lattice parameters of the film and substrate and when

present willcausestrain, compressive or tensile, to build in the filEwentually, as the film

thickness is increased, itlhlbecomemor e ener getically favorabl
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by forming dislocations. Usually, these are seen as misfit dislocations, where one atom is
missing periodically along the filraubstrate interface, and threading dislocations, a line

defectthat extends from the interface into the film.

Defectsgenerally negatively impact material propertisexampls, mostdefects
act as additional scattering centers, decreasing the electron mobility of seuuims™
or, in the case of oxygen vacancies in oxide ferroelectrics, introduce additional carriers
causing considerable and undesirable leakage cuffefitslowever, defects are not
always unwantedMany good examples are present for one of the mostkmelvn
perovskite oxides, SIT¥XSTO). Oxygen vacancies can change the normally insglati
STOmetallic* and even a supercondugidoxygen deficient secondary phases cause
ferromagnetism33 andSr vacancie¥ andanti-site defects can lead to ferroelectricityl.he
intentional creation of defects like these have led to new fields of study within defect

engineering®
1.3 Ferroelectricity

Ferroelectricity and the growth of ferroelectric materials and heterostructures will
be the largéocus of this thesis worleerroelectricity is the property of spontaneous electric
polarization in the absence of an electric field. Materials with this property can remain
polarized, having a dipole moment in zero electric field, and switch betweeiveasit
negative polarization with a large enough applied field. When most materials are polarized,
there is a linear relationship between polarizatiBh gnd electric field €), known as

dielectric polarization. This relationship is given by



0o - ..0 (1.2)

where- is the electric permittivity of free space andis the electric susceptibility..

can further be defined as. -  p where- is the relative permittivity or dielectric
constant of a material, a commonly reported value for dielectrics. Another class of
materials undergo paraelectric polarization and have a nonlinear response to electric field
due the relative permittivity having dependence on the field. Finally, ferroelectric
polarization shows a hysteresis in the relationship between polarization and electric field,

allowing for switchable spontaneous polarization.

(a) P (b) P (c) P

v A 4

Figure 1.4. Polarization vs electric field for (ajielectric, (b) paraelectric, and (c)
ferroelectricmaterial

Ferroelectricity is most prevalent in oxides with the perovskite stru€tirbe
ideal cubic perovskite structure is centrosymmetric, meaning it has an inversion center as
a symmetry elementor perovskites,hie property of ferroelectricity can only occur in
those with lowerordered structures, those thate not centrosymmetricdue to
displacements of the cations relative to the anions mguasiack of inversion center.

Many perovskite oxides exhibit ferroelectricity, e.§bTiOs;, BiFe(G;, LiNbOs3,
KNbOs, but the one which will be studied here is perhaps the mostkm@Wn and

prototypical ferrelectric perovskite oxide, BTO BTO has roortemperature
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ferroelectricity with a Crie temperatureT) of about 120°G! At T., BTO undergoes a
first-order phase transition to a cubic structure accompanied by a large change in
polarization With a tetragonal unit cell at room temperature, bulk BTO has lattice
parameters of 3.998 and 4.036A along what is commonly denoted as #haxis andc-

axis, respectively®

Some of the application8TO has been extensively studiddr include
dielectrics®*® ferroelectric randoraccess memory?* leadfree capacitors, photonic
devices'® and energy conversiotevices>® In particular, this last application of energy
conversion has gained significant recent interest due to the capability of transforming
abundant, yet often discarded, kb@mperature waste heat into a useful form of electricity.
By taking advantage of cycling through the ferroelectric-farster phase tresition, and
the accompanied large changes in polarization, energy conversion has been &hieved.
However, first, this process has yetlte accomplished in thin films, only shown in bulk
ferroelectric crystals. Second, this device is preferred to be constructed usingradead
ferroelectric, even though ledwhsed ferroelectrics show the largest ferroelectric
responses. Finally, thir@lthough already demonstrated using BTO, modifications of the
crystal structure and properties are desired to increase ferroelectric responses close to these

leadbased ferroelectrics and to decrease material fatigue created by the thermal cycling.
14 Opportunities for Ferroelectric Tuning

Of the leading ferroelectrics, unfortunately, most contain the toxic element lead, as

they are based on tunirtge PbTiQ structure’! for example as lead zirconate titanate



(PZT)*?* and magnesium niobate lead titanate (FMW)** Perhaps the most popular
ferroelectric material is PZT which has some of the best ferroelectric and piezoelectric
properties due, in part, to the presence of morphotropic phase bouridl&iieding lead

free materials which exhibit similar properties to PZT, such as containing these property
enhancing morphotropic phase boundaries, has been given considerable dft&ntion.
Materials like, and modified based on, Ba3iBiFeQ;, Na sBiosTiO3, and (K, Na)Nb®@

havebeen the focus of many studies and have shemising result§®>!

With the flexibility of the perovskite crystal structure, there are many opportunities
to tune the structurend therefore propertieBy substititing in different elements at the
A- and Bsite. While discovered earlier than Pb%iBTO, and modified systems based on
it, have continued to be looked as replacemeritatbbased ferroelectrics. The properties
of BTO itself are not as promising, bwith substitutions at the Aand Bsite, much
progress has been made. One of the most studied is the substitutiéhfof Be* at the
A-site. Although showing an increase in the dielectric constant, a decrease in leakage
currents, less dielectric loss, and lack of fatigue probR#Righeseproperties still have

not matclkedtheleadbased ferroelectrics in most cases.

At the B-site, new work is being done on the substitution of elements liR&3n,
Zr,°%%1 and Hf%%% for Ti. Of thesethe BaTiQ-BaSnQ alloy system, or BaTikSnOs
(BTSO), has seen considerable interest due to the discovery in ceramics that the dielectric
constant can increase by orders of magnitude to ~ 9000 and the longitudinal piezoelectric
coefficient ¢ls3) to ~ 425 pC/N around = 0.11.%86385Further, at this composition, when

the temperature is increased to 40°C, these properties are increased even further to ~ 75,000
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and 697 pC/N, respectively, due to the presence of a-quadruple point, a state of four
phasecoexistencé® The phase coexistence at the quasidruple point creates a double
morphotropic phase boundary and is thought to enhance these dielectric and piezoelectric
properties by allowing for increased polarization rotation and exterfSithough much

work on this system has been done in ceramics, relatively less has been done in films,

which adds even more synthesis challenges.
15 Challenges with Ferroelectric Heterostructures

Besides minimizing unwanted defects and tryingutee structures with elemental
substitutions, ferroelectrics have other challenges when grown as thin films that are not
applicable in many other material systems. These challenges are related to the boundary
conditions, the properties of the top and bottinterfaces of the ferroelectric film.
Generally, the boundary conditions are split into two categories: mechanical and electrical.
As has been discussed, the most common mechanical boundary condiéithepaeaxial
growth, not just with ferroelectricss the lattice mismatch between the film and substrate.
Lattice mismatch can create undesirable defects suetisfis andthreadng dislocations
which have been showndegrade ferroelectric properties by creating depolarization fields
around the defects themsel@€On the other hand, lattice mismatch can be used as an
advantager-or examplethe strain imposed on the film resulting from this mismaidten
compressivehas been shown to significantly enlbathe polarization ad increas the
Curie temperatur®. Compressive strain has evieaen shown to cause ferroelectricity in

materials whichare otherwise not ferroelectrf®. Other mechanical boundary conditions
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of concern includerystallographic orientatiéfand surface morpholo@of the substrate

which can greatly affect properties like domain formaffofi.

Metal Ferroelectric Film Metal
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Figure 1.5. Schematic representation of the depolarization regions occurring when a
ferroelectric film is grown between two metallic electrotfeBlotted as the inverse of the
dielectric constant against thetdisce across the met@rroelectriemetal heterostructure.

Electrical boundary conditions, or the electrostatic properties of the interface, are
equally as important and perhaps much more important for ferroelectric materials
compared to others. The mosbmmon consequence of the electrostatic interfacial
characteristics is what is known as a fidea
ferroelectric and metal where a loss of polarization or dielectric permittivity otturs.

These depolarization regions develop due to an incomplete screening of the electrostatic
charge at the interface by the mbtainaterial’® The dead layer is an intrinsic property of
the interface but can be expanded by defects as a result of the film deposition process.

Many efforts have been made to reduce the size of the dead lapeas improved film
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synthesis and choice of metal. When creating ferroelectric devices, choosing metallic
electrodes which decrease the dead layer effect, like SrRn@h has good lattice
polarizability or Pt which has a superior electronic screeningtte is keyIn this work,
careful attention will be given to film synthesis and new approaches will be developed for

metal electrode deposition to, in part, minimize the effect of these boundary conditions.
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Chapter 2

2. Oxide Molecular Beam Epitaxy

Molecular beam epitaxy is an ukhegh vacuum thin film deposition technique
which uses the edeposition of molecular beams désiredelements to form epitaxial
films on a substrate surface. After developing a reputation for being able to grow some of
thehighest quality filmswith atomic layer controIMBE has been used for the growth of a
variety of material systems with a large amount of sucéé$€°?1"3s an introduction to
the oxide MBE techniques that will be used and developed furdrerin this chapter the
recent progress made oomplex oxides by MBE will beiscussedAfter reviewing the
history of physical vapor deposition and the developmérnixae MBE, the inherent
advantages of MBE and its various challenges for the growth ofduiglity complex

oxideswill be discussedmany of which will be a focus throughoutttest of thisvork.

This chapter was adapted framinvitedJournal of Maerials Researclheview article yet
to be publishedwilliam Nunn, Tristan K. Truttmannand Bharat Jalarogress in MBE
for the growth of complex oxide wide bandgap semiconduqi@@21)
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2.1 History of Physical Vapor Deposition

Tracing the history of thin film deposition can give us context of where the field
stands to today and where it is postured to go in the near future. Thin film deposition is
typically divided into two categories: chemical vapor deposition (CVD), whichiiego
chemical reactions occurring between volatile precursors, and physical vapor deposition
(PVD), which involves the physical process of transporting sources between phases for
film growth on a substrate. Here, PVD techniqaes the focuswhich, throughtheir
progression (Figure 2.1), have cemented themselves as instrumental in the development of

complex oxide wide bandgap thin films.

Development of Molecular Beam Epitaxy

Solid Source

Oxide MBE Metal-Organic MBE
Thermal Evaporation Molecular Beam Epitaxy Hybrid MBE
1852 1939 /L 2020
Advances in vacuum technology
> © -
1857 1968 1985 2021
Sputtering Magnetron Sputtering Thermal Laser Evaporation
Pulsed Laser Deposition Metal-Organic PLD

Figure 2.1. Timeline of the introduction of PVD techniques, including some of the
modifications that have arisen with a focus on the development of MBE specifically.

Of the main PVD techniques, sputtering, thermal evaporation, MBE, and pulsed
laser deposition (PLDYhe first two found their inception over a century earlier than the
|l atter t wo /*The first publishedlré&srt0obsputter deposition can be traced

back to 1852 by Grove who observed the deposition of a film, primarily iron oxide, on a
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silver plated substrate after creating an electrical potential between the substrate and a steel
needle ifow vacuum’® Although the term sputtering would not be coined until years later,

these experiments are the first observations of the phenomenon. The process of thermal
evaporation would be demonstrated a few years later by Faradd§5ih who first

Aexpl odedod met al wires in a | ow vacuum, t !
form a film.”®* What would follow these early experiments is years of technological
advancements, especially related tgiaving vacuum, that would eventually lead to the

more modern approaches that exist today.

Foll owing these advancement s, mor e t han
the development of PLD and MBE began. PLD was first shown by Smith and Turner in a
report published in 1965 in which they demonstrated, using a pulsed ruby laser, the
deposition of a variety of materials, including semiconductors, chalcogenides, and
dielectrics’’ Their early work, although showing some mixecuttss laid the foundation
for the much more refined technique widely used today. In fact, it would play a key role in
the development of higffic superconductors in the late 1980s which exploded into a new
groundbreaking field of study®®! Finally, MBE, derived from thermal evaporation, found
its conception at Bell Labs by a group of scientists includotgn R. Arthur Jwho would
first publish on the msste off gealplairtam ea mdnod r
epitaxial GaAs film$? Alfred Y. Cho and others would then join him to develop the

technique into whais called MBE today®38

Many advancements within these techniques have since been made including,

importantly, magnetron sputteriffgvhich has become the most common configuration of
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sputtering today. Within MB¥87and PLI¥®, modifications have included in many cases
metatlorganicbased approaches which substitute some roeganic compounds for
conventional metal sourcewhich is the inspiration for the novel solid source metal

organic MBE a@proach introduced for the first time in this thesis work
2.2 Development of Molecular Beam Epitaxy

MBE has played a large role in many materials science and physics discoveries as
a result of both the conventional approach and these modificationsatre@thisen. As
shown in Figure 2.2, MBE itself has rich history of scientific advancements since its
inception in the | ai/eemcdhdubtaisdikeGaAs, adntemtiongd o wt h
previously, with adsorpticeontrolled stoichiometric growtf. This control over the
stoichiometry and consequently the structure of the films was enough to lead to the first
demonstration of modulation doping in 1$?8yhich was previously unattainable due to
the lower quality of films and heterostructures produced by other PVD techniques at the
time. Within the following three years the discovefyhe integer and fractional quantum
Hall effect was made as a result of these modulation doping heterostructures, which would
be the subjects of the Physics Nobel Prizes in 1985 and®i998.e 19706s and
were then filled with rapid advancement of the MBEhnique including for growth of-l|
VI semiconductor$? I11-V nitrides®? van der Waals epitaxy for 2D materi&fsand

eventudly the first report of MBE complex oxide growth, deposition of LiN©1985%*

16



Van der Waals
2D Materials

Adsorption-Controlled

1I-V1 Semiconductors Complex Oxide Growth

High T,
Superconductors

|

Adsorption-
Controlled IlI-V Growth

:

Nitride MBE

1978 | 1981 1996

Room Temperature

Topological High-mobility
Materials Complex Oxides
2009

©
1968 1975 1987 1997

High Mobility

Modulation Doping Complex Oxides Binary Oxides

2017

Low Temperature
High-mobility
Complex Oxides

Integer & Fractional
Quantum Hall Effect

Room Temperature
Multiferroics

Figure 2.2. Timeline of the development of MBE for a variety of impactful classes of
materials and discoveries.

Although thefirst report of oxide MBE was for LiNDb§) the field really took off
following the 1986 discovery of highc superconductivity in cupratéMany researchers
rushed to prodwe these materials as thin films and achieved incredibly rapid success.
Following the first thin film cuprates grown by P1%the first films were grown by MBE
later the same year in 1987°® However, all these films required annealing in oxygen to
show superconductivity. Indeedethlifficult oxidation of Cu to 2+ served as an early test
of the limits of oxide MBE. But this challenge was overcome only one year later in 1988
with the development of pure ozone MBE which could produce superconducting films
without post annealingf,and which was improved in 1990 with silica gel to prevent ozone
explosions® In this incredible span of 5 years, the field of oxide MBE went from

conceptim to an accomplished technique attesting to the adaptability of the MBE approach.

Even as more reports of oxide MBE appeamecuding the first demonstration of

the high mobility binary oxide Zn®#1°' the problem of achievingation stoichiometry in

17



compl ex oxides stildl el uded r es ecantraléder s
growth was first shown in oxide MBE?1% Finally, in recent years, MBE has become

prominent in the growth of topological materials like;$,%>1% room temperature

107 86

multiferroics and low® and roomtemperatur®1% high-mobility oxide
semiconductorsvhich have included growth by theetalorganicbased modifications

like hybrid MBE
2.3 Technique Comparison

Choosing a PVD technique is axercise in comparing the advantages and
disadvantages of each technique to the applications requirements and redheses
advantages and disadvantagessummarizedn Table2.1, including solid source metal
organic MBE CVD and sputtering have fourallot of success in largacale industrial
processes due to their simplicity, lower costs, and, especially with sputtering, high
scalability. However, it is a different story when it comes to developing new materials on
aresearch level, especially witbmplex oxides. In this environment where sample quality
and material flexibility are valued over scalability, PLD and MBE have become the

predominant thin film growth techniques.
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Table 2.1.Advantages and disadvantages of conventional PVD techniques|as two
of the metalorganicbased MBE modifications.

Technique Advantages Disadvantages
Magnetron High deposition rate and Stoichiometry of target is not
Sputtering scalability. Able to supply many necessarily transferred to film

Pulsed Laser
Deposition

Conventional
Oxide MBE

Hybrid MBE

Solid Source
MetalOrganic
MBE

metals and dielectrics. Ease of u:

for ultrarlow vapor pressure
metalscompared to evaporation
techniques.

Flexibility in laser wavelength anc

power. Precise growth rate
control. Target stoichiometry

transfer is capable in many case:

Ease of usdn-situ
characterization available, e.g.,
RHEED.

Excels at limiting defects due to
low-energy deposition.
Adsorptioncontrolled

stoichiometric growth is possible.

Monolayer growth controln-situ
characterization available, e.g.,
RHEED.

Great control over stoichiometry
due to growth winda's. No source

oxidation ofmetatorganics Can
supply oxygen and prexidized
metal viametatorganic
precursors.

Able to supplyelements having
ultracrlow vapor pressures with
source temperatures < 100°C.
Possi bl e

High-energy can lead to defec
nucleation. Backsputtering of
deposited films if not using
off-axis.

Stoichiometry of target is not

necessarily transferred to film
High-energy can lead to defec
nucleation.

Stoichiometry limited by
degree of flux control if no
growth window. Oxygen
stoichiometry and metal
oxidation limited by low
oxygen background pressure.
Oxidation of sources. Low
growth rates.

High vapor pressure, thermall
stablemetalorganicsrequired.
Need external gas inlet systel

Must use solid, thermally
stablemetalorganicswith
intermediate vapor pressures

t-oox isduip Cannot fully bake system due

elements. No gas inlet needed. N to metatorganicsource.

source oxidation ofnetal
organics Cheap and safe.
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A key factor for developing new materials and studying the underlying physics
present within them is th@efect concentration of the material. While defects can prove
useful and have led to numerous studies on defect enginé®uimigtentional defects tend
to impedethe ability to study the intrinsic properties, in particular with wigknd gap
semiconductors. Here, two deposition parameters that are crucial to understanding defect

formation in PVD techniquesill be explored particle kinetic energies and mean free path.

Of all the different deposition parameters, perhaps none is more important to
understand defect formation than kinetic energy of the vapor phase atoms or molecules as
they interact with the growth frorAlthough high incident particle energy can be exploited,
such as for orientatiegelective resputtering for the growth of fully oriented films on
amorphous substraté®¥ high-energy particles are usually regarded as a nuisasader
high fluences, high particle energies can lead to resputtering of film constituents resulting
in the nonrstoichiometry defects discussed befdWThe particles can also impact and
sputter components in the vacuum chamber leading to the incorporation of unintentional
impurities. However, even at low fluences, high particle energies can tead t
nonequilibrium intrinsic point defects such as oxygen and cation vacancies, interstitials,
and antisite defects which can all negatively impact material properties, even in small
concentrations. Higlenergy techniques such as sputtering and PLD tefaro larger
concentrations of point defects in films whereas-tavergy thermal techniques like MBE
produce fewer defects. In principle, the use of oxygen plasmas could introduenbrgly
particles into the growth chamber, but simple measures like #iears and deflection

plates minimize their detrimental effects on growth.
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The mean free path of the deposition process also plays a role in defect formation.

The mean free path (&) is calcul ated as:
’?’QUY
- = (2.1)
¢ Qo

wherek is Boltzmann constanil is temperatured is the kinetic diameter of atom or
molecule, andP is the pressure. As shown, the mean free path is inversely proportional to
pressure. In MBE, the mean free path exceeds the ssubstrate distance by an ordér
magnitude or more. Thus, source species do not interact during transport from the source
to the substrate. This eliminates the possibility of parasitic chemical reactions that can
cause unintentional aerosol formation in fgacuum techniques such aswtpressure
chemical vapor deposition (EEVD). The high mean free path of MBE also limits
deposition specie® only those that originate frothe surfaces imlirect line of sight to

the substrate. By using higiurity source materiahigh-temperature stem bakeoutsnd
cryogenic cooling shroud® limit surface outgassingdBE can achieve extremely low
impurity levels even when one reactor is shared among multiple material systems. These
two advantages make MBE highly advantageous for the fundameothl ef new
materials. Finally, whereas lewacuum methods like LEVD require the ¢
residence time to stop depositing one material and begin depositing another by pumping
out one precursor and replacing it wéthothef*'2the high mean free path of MBE allows

the use of shutters to make this switch nearly instantankmited only by the speed of

the shutter. This makes MBE the method of choice to deposit heterostructures that demand
highly abrupt interfaces, even in commercial devawgsh as Hall effect sensors and high

electron mobility transistors. This ability tapidly switch between two materials has also
21



been exploited to grow neequilibrium structures such agyhrindexRuddlesderPopper

phased!3119

In PVD techniques with high particle energies, however, lower mean free paths can
offer the advantage of lowering the particle energies throatjisions with ambient gas
molecules. This is the main motivation behind development of-fprigbsure oxygen
sputtering which has been applied to cuprate supercondd€tdts| a;xSKMnOs,1%2

PbZkTi1x03,122 amorphous GdScfdn Sit?4BaTi0s,12° SITiOs, %% and BaSn@21°

The high vacuum pressures of oxide MBE also offer the advantage of a high mean
free path for electrons and ions required ifoisitu materials characterization. Most
research MBE systems use concurrent reflection -argdrgy electron diffraction
(RHEED) to monitor the growth in real time, botsitu characterization of MBE films has
also been done with loenergy electron diffractiofLEED), low-energy electron
microscopy (LEEM):*° X-ray photoelectron spectroscopy (XPS), Auger electron
spectroscopy (AES), Rutherford backscattering spectrometry (RBS), and scanning electron
microscopy (SEM). The use of vacuum suitcases also allow samples grown by MBE to be
transferred to distant charactiion equipmeid® such as synchrotron faciliti@swithout

exposure to gasés!
2.4 Challenges with Oxide Molecular Beam Epitaxy

2.4.1 Cation Stoichiometry Control
The advantages outlined for MBE show great inherent potential for the technique;

however, the mthod is not without challenges. Perhaps the most significant challenge for
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MBE is control over stoichiometry. Because MBE relies on thdegmsition of individual
elements, achieving cation stoichiometry is a major challenge, especially in
semiconductorsvhere small levels of nonstoichiometry can render a device useless. For
example, in the semiconductor Srkj@here Sr vacancies serve as acceptors, even a 0.1%
drop in Sr flux would result in an acceptor concentration of 1.7+%ch®3, enough to fully
compensate even moderate doping concentrations. Although progress has been made using
beam flux monitors (BFM), quartz crystal microbalances (QCM), atomic absorption
spectroscopy (AASY®? electrorimpactemission spectroscopy (EIESF2® or RHEED

136.137t0 find-tune fluxe® many of them in real tinge these techniques all involve errors

around 0.1 19 132136,138

The obstacle of stoichiometry was first overcome for the growth -3f Hemiconductors
by exploiting thermodynamics to sekgulate the stoichiometry. FiguB3a shows the
thermodynamic equilibrium curves for the two reaiati that can regulate the stoichiometry
of GaAs'®3 As shown, at relatively low growth temperatutfesreexists a large range of
As vapor pressures within which the stoichiometry isagfilated. This range of pressure

is referred to as a fAgrowth windowo.

(a) 7(°C) (b) T(°C) (c) T(°C)
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Figure 2.3: Adsorptioncontrolled MBE growth windows governed by the thermodynamic
equilibrium curves if solid metal sources are used for (a) GaAs, (b) RN (c) SrTiQ.
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Two sés of lines for both reactions are shown in the case of SIAWO to uncertainty in
the thermodynamic datReproduced with permissidf13°

However, the concept of a MBE growth window was not demonstrated in oxides
until decades laterin h e | a t°2%14°Rigare2@Is shows the growth window of one
of these early systems, Pb&i@nd how the range of vapor presssd spanning about 2
orders of magnitudie is considerably smaller than that of GaAs which spans about ten
orders of magnitud&?In practice, this made the stoichiometric growth of PhTéasible
but challenging. Adsorptienontrolled growth of other complex oxides using oxide MBE
have since been found for a variety of matefials,t these windows are usually smaller

than in GaAs and occur at higher temperatures.

Still, many complex oxides lack the volatile si@scnecessary to support a growth
window at realistic growth conditions. For example, Seli&ks a sufficiently volatile
constituent which makes the calculated growth window occur at very high growth
temperatures or unreasonably low SrO vapor pressagesiown in Figurg.3c1*° Thus,
without a growth window, the stoichiometry of Srgi€uld only be as good as the control
over the Sr and Tiluxes. Given the difficulty of evaporating Ti, due to its low vapor
pressure and the tendency of both Sr and Ti to oxidize at the sétithis control was
quite poor. Growing SrTi®low enough in defect concentrations to be a suitable oxide
semicondutor was not feasible. Efforts have been made to combat the low vapor pressure
and source oxidation by supplying Ti with astiblimation pump known as -Ball.14!
Although SrTiQ films have been grown with high structural quality, stoichiometry control

with traditional MBE is not sufficient to support robust semicondulcker doping.
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It was not until the hybrid MBE approach was developed that Sifili@s could
be grown with MBE having a sufficient degree of stoichiometry control to support
chemical doping. Using titanium(lV) tetraisopropoxide (TTIP), a raetganic precursor
to supply Ti, it was first shown that a MBE growth window can exist féiGadue to the
high volatility of this compound®® A large growth window in terms of the Sr:TTIP flux
ratio was shown, and stoichiometric materials could be obtained in a highly reproducible
manner. Due to this ctnol of the stoichiometry and the legnergy aspect of MBE growth,
record lowtemperature electron mobility has been achieved, even surpassing those of bulk
single crystals. Electron mobility from MB&own films are now almost an order of
magnitude largethan other techniques, with values of around 53,008/cst'at 2 K43

compared to 6,600m?V'sby PLD 44

Since the first report of hybrid MBE, the use of ma&tajanic precursors for the
adsorptiorcontrolled growth of other perovskite oxides have been shown for other
titanates:*>14” vanadates$? and wide bandgap systems in the stas'*>**°Figure2.4a
shows the oubf-plane lattice parameters for one of these syst&aSnQ, as a function
of the A to B-site flux ratios'®! Typically, what is seen, as shown here, is a cohstain
of-plane lattice parameter within the growth window signifying stoichiometric growth.
This is further evidenced in Figugb by enhanced electron concentration and mobility
inside the growth window due to a decrease in compensatingtaichiometic-related

defects.
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Figure 2.4: (a) Outof-plane lattice parameter (left axis) and Sn:Ba atomic ratio from
Rutherford backscattering spectrometry (RBS) (right axis) in hybrid ig&n BaSn@
films. (b) Roomtemperature electron mobility (left axis) acarrier concentration (right
axis) showing the enhanced electronic properties within the adseguindrolled MBE
growth window.Reproduced with permissidat

As a final note, it may also be possible to use thermal laser substrate heating to open
up growth windows in some of these oxides systems by heatbgjrates up to incredibly
high temperatures for growth. Looking at Fig@r8c again, as the growth temperature is
increased, the SrO vapor pressure needed will eventually reach feasible levels. By using a
laser, for example a CQaser, for substrate h&ng, substrate temperatures greater than

1500°C have been showtt.
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2.4.2 Anion Stoichiometry and Oxidation

Another challenge with oxide MBE is fully oxidizing the cations to achieve oxygen
stoichiometry. Figur@.5 shows the standard oxidation potenti@s | of select elements
which are commonly used or sought after in complex oxide gr&tth.some materials,
especially transitioometatbased perovskites like SrTiQinsufficient oxidation of one
cation (in this case Tirather than Ti") will lead to films with good structural quality, but
high carrier concentrations due to oxygen vacancies serving as shallow B6HSrs.
Although this can be exploited for donors in the absence of chemical dopanisuglly
preferably to achieve full oxygen stoichiometfpr example, in dielectric and ferroelectric
oxide systems, oxygen vacancies can cause considerable leakage currents and, therefore,
negatively impact material and device properti€sn other materials, especially main
group metabased perovskites like BaSgansufficient oxidation of one cation (Sor
Sr¢* rather than SH) can be so severe as to ravage film qualitygether. For example,
attempts to grow BaSnn inadequate oxidizing environments have resulted in formation
of ostensible liquid tin metal droplets on the substrate during depoSifionless severe
cases of incomplete oxidation, BaS#so forms oxygen vacancies that act as shallow
donorst?” 158 This diverse range of oxidatimelated phenomena inaBnQ make it an

excellent case study of oxidation in MBE.
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Figure 2.5: Standard oxidation potentials using areference electrode for select metls
which are commonly used or sought after in MBE growth. Metals are ordered from harder
to oxidize to easier to oxidize, left to righthe dashed line is a guide for the eye.

Two crucial factors which impact the oxygen stoichiometry in oxide MBE are the
choice of oxidant and the oxidant background pressure. However the background pressure
is usually limited to below I®Torr by the mean free path constraints of MBEsoonly
the choice of oxidanwill be discussedWhile molecular oxygen (£) has been used in
early oxide MBE, its oxidizing power is not sufficient in many cases, notably requiring
postannealing to grow higic superconductor® A common solution to achieve a more
aggressive oxidizing environment at the same background pressure is to activate the
oxygen using inductively coupled plasma (ICP) which creates up to a few percent of highly
reactive dissociated oxygen atoffis®?1%1 For an even more aggressive oxidizing
environment, electro cyclotron resonance (ECR) plasma can be tR&&ef which can
achieve a diswiation fraction exceeding twenty percéttAnother option is to generate

ozone (Q) and hen, optionally, distill it to generate up to 100% ozone before it enters the
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vacuum chambe¥. Distilling ozone presents the potential hazard of explosions from its
rapid decomposition, but this risk can be mitigated by distilling it over the high surface

area offered by silica gel to prevent percolation of the liid.

Other oxidants have also been experimented with. Both nitrogen dioxidg gNd
hydrogen peroxide (kD) are noteworthy for being aggressive oxidants with relatively
low vapor pressure; being easily absorbed onto-shyouds they can achieve low

background pressures even with high beam equivalent pre$ui¥s.

Even with these aggressive oxidizing species,lithéed background pressures
available in MBE may be insufficient to achieve full cation oxidation. One route to
overcome this limitation is to supply oxygen bonded to one of the metal sources. This can
be simply done by supplying the oxide of the mdtal,example Sn@for the growth of
BaSnQ%®7and SrsSn@%8 or supplying the oxygen via the organic ligands in metal
organics as is done in hybrid MBEUsing this second approach, it has been shown that
SrTiGs films can be grown using only TTIP and no separate oxygen source, vailiheit
oxygen vacancie®? Alternatively, the ligand can be designed with reactivity toward
oxygen sources. | n a t ecasreidgpu eh ywariida tMBENR CSe
via the chemical precur sor hexamet hyl di ti
temperatures, the weak -Sm bond at the center of the molecule undergoes homolytic
cleavage affordingrimethyltin radicalsThese molecules react aggressively with oxidizing
species, allowing the full oxidation of Sn even when unactivated moleculagmig/gsed

asthe oxidant!*° The organometallicHMDT has been used to grow stoichiometric films
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of both BaSn@?°%14%1%1gnd Srsn@°017%172 with growth windows present, stvn in

Figure2.4 for BaSnQ.

2.4.3 Source Oxidation

While a major challenge for early oxide MBE was to fully oxidize-lmadation
potential metals such as Cu, there was a seemingly conflicting goal to prevent oxidation of
high-oxidationpotential metalsuch as Y before they leave their crucible. This problem,
coined fAisource oxidationo can alter the fI
the flux instabilities and nonstoichiometry discussed abdve?One early strategy to
combat source oxidation is to produce an oxidant preggadient across the chamBer.
Baffles are added to separate the substrate and source regions of the chamber, with holes
only large enough for the metal fluxes each the substrate. The oxidant is supplied
centimeters away from the substrate while the two regions of the chamber are differentially
pumped. This strategy provides a high oxidant pressure immediately surrounding the
substrate where it is needed and achlower pressure near the sources where it is
unwelcome. Less extreme chamber design choices can also be implemented to lessen
source oxidation. For example, extending the effusion cell port length will cause deposition
of metal on the port walls betwetre effusion cell and the main chamber. These deposits
can getter oxidizing species, minimizing the quantity that reaches the crféible;
narrowing the effusion cell port will enhantss effect!’* Choosing a crucible with a
small orifice or adding an aperture to the crucible can also slow the ingress of oxygen and

improve flux stability*">176
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However these strategies all only lessen the effects of source oxidation; they do not
solve it entirely. There arvo strategies that thoroughly eliminate the problem of source
oxidation by delivering the metal in a different chemical form. One way is to inject the
element into the chamber in the form of a gaseous precursor, as done in hybritf MBE.
Regardless of the reactivity between the precursor and oxidizing species, the two do not
interact untilthey are absorbed on the growth front. The second way is to evaporate the
metal from an effusion cell in a form that does not react with oxygen. This can be a simple
metal oxide, such as Sp®’ or an airstable precursor such as Ru(agatiscussed

below8’

2.44 Stubborn Metals: Ultra-L ow Vapor Pressures andOxidation Potentials

MBE often uses refractory metal filaments and crucibles to heat and contain
transition metals during their higlemperature sublimation. This begs the question: how
can one supply a refractory metal itself for MBE&wth? Rather than uniformly heating
an entire source load and crucible, a vadelveloped strategy is to use a focused energy
beam that locally heats the source material to extremely high temperatures without
drastically increasing the temperature of tbeicible. The highenergy beam has
historically beeroneof electronsand is referred to d@electronb e a mo e v,%%pud r at i or
the newand exciting fther mal |l aser evaporat.i
mounted outside theacuum chamber.” Focusing on the conventional method, electron
beam systems can be much more expensive than effusion cells, the required high voltage
presents safety risks, the instrument operation can produce RF noisgdHates with

other equipment’®the flux stability is poor, and some metals are prone to spitting. Finally,
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electronbeam evaporation can be operationally complex, requiring monitoring and
periodic electron beam alignment to avoid accidental crucible evaporation after source

depletion.

Related to refractory metals, the Pt group is a set of metals which are not only
extremely low in vapor pressure but also among the hardest metals to oxidize. Complex
oxides containing Pgroup and refractory metals include ruthenates, iridates, tungstates
and Pigroup delafossites. A few of these materials have been grown using MBE with
electronbeam evaporation and strong oxidarits®! However, the abovenentioned
challenges with electreneam evaporation meritsarch for an easier way to grow these
materials with potentially higher qualitfhe lack of recent progress on the atomically
controlled deposition of these elements directly motivates one of the main focuses of this
work. Addressing these issues thrbilge development of solid source meaigganic MBE

will be described further in Chapter 8 and 9.

2.45 Growth Rate

Another commonly cited problem with MBE is the extremely slow growth rates
compared to other PVD techniques. While growth rates exce&®@ nm/hr have been
shown in the MBE growth of BV and llI-nitride semiconductor$?!83as well as very
recently in the growth of G@s,'8* growth rates within complex oxide MBE are typically
between 10 100 nm/hr. Such slow rates are a major deterrent for the use of conventional
oxide MBE in commercial production. Attempts have been made to overcome this issue
with various degrees of sucse§ he main challenge associated with high growth rates in

conventional oxide MBE has been nsioichiometryrelated defects forming after
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increasing the fluxes of the individual species. SgT¥& good example of this, where the
high level of oxygen baground pressure needed to increase the growth rate has caused

source oxidation and consequently rstoichiometry.

It was not until the development of hybrid MBE that growth rates of several
hundreds of nanometers per hour were achieved for complex oRidasgoiding Ti source
oxidation and supporting a growth window by supplying Ti as a gaseous precursor (TTIP),
stochiometric SrTi@films have been grown with rates exceeding 600 nii?iwith TTIP
contributing to the oxygen supply, large oxygen background pressures were not required
to increase the growth rate.fact, the reported growth rates were limited by the size of Sr

source and are predicted to approa®h 9 &m/
25 Outlook for Oxide Molecular Beam Epitaxy

The evolution of the MBE growth technigues been discussém the growth
of 1l1-V semiconductors to complex alds. As new challenges have arisen, modifications
have been made to the conventional approach to overcome them. E&suenmarizes
the large amount of source and oxidant possibiliiashave been developed. Due to MBE
being a cedeposition techniquehe ability to mix and match these sources has made this
technique extremely flexible and one of ttop tools of choice fo addressing these

challengedaceal today.
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Figure 2.6: Schematic of the various common methods of delivering metal sources and
oxidants in oxide MBE. Interchanging between sources has led MBE to become a very
flexible technique.

MBE has drastically evolved to allow for the highality growth of a large ramg
of materials. Prime examples are the perovskite oxide titanates and stannates which all
have record electron mobilities achieved in oxide MiBBwn films, as seen in Figure 2.7.
However, demonstrating similar results in the growth of all other compier oxaterials
by MBE will require overcoming many of the challenges overviewed here: source
oxidation, low oxidation potentials, ulttaw vapor pressures, and stoichiometry control.

By employing the multitude of MBE modifications which now exist, it isy@amatter of
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time before more complex oxides are reproducibly grown and applied in next generation

devices.
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Figure 2.7.Record electron mobility for MBE and ndiBE films of SrTi0s at 2 K143144
BaSnQ at 300 K0818%and SrSn@at 300 K!70-187
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Chapter 3

3. Growth, Characterization, and Device Fabrication

3.1 Hybrid Molecular BeamEpitaxy Growth

All films in this work, outside of those in Chapter 8 and 9, were grown using the
hybrid MBE technique. Those in Chapter 8 andnStead,were grown using the solid
source metabrganic MBE approach, which was @doped for this first time herBecause
of the novelty of this approachhe details of those growths can be fowegaratelyin
those relevant chapterslowever, loth film synthesis approaches used sheneoxide
MBE chambefEVO 50,0micron NanoTechnology, Germargrnd equipment, which will
be described heia more detaifor the hybrid MBE techniqueAny differences from this

growth description will be mentioned exptlgiin the following chapters.

The metatorganicprecursoraused, which are the key factor and modification in
hybridMBE, were TTIP for Tiand HMDT for Sn. These precursors were supplied through
in-lab fabricated external gas inlet systesee Figure 3.IThese inletbegin witha heated
bubbler containing the precursor, heating to a temperature suitable for achieving ~ 10 Torr
of vapor presure, about 8C and 60C for TTIP and HMDT, respectivel\No carrier gas
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is usedThe vapors then travel through heated liaedthrough a linear leak valve, which
controls the pressure supplied by feedback control from a controllerpaadsure reakly
a Baratron capacitance manometer further down the line (MKS Instruments;ikkdly,
the vapor is introduced into the system by a gas inj€€t&cience, Inc., USy)hich allows

for an interface between tihgherpressurdine and the ultranigh vacwm chamber.

Linear Leak
Valve

|
v

+—— (Gas Injector

— Baratron

Organometallic

Bubbler with -

Figure 3.1.Schematic of the external gas inlet systems used in the hybrid MBE process.

Effusion celk (E-Science, Inc., USnd MBE-Komponenten GmbH, Germany
wereused for thesublimationof metallic elements Ba and Sr as well as La whed as a
dopant.Fluxes of the metals anthetalorganicswere measured as a beam equivalent
pressure (BEP) using a beam flux monitor inserted below the substrate before growth.
Oxygen was supplied using a radio frequency inductively coupled plasma @dautis,

UK) with a power of 250 W and with charge deflection plates. Oxygen background

pressure was ~ 10 10° Torr.
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Films were grown on a variety of single crystal substrates with growth temperatures
typically of ~ 900C i 950°C for the perovskite oxide growths. Before growth, but at
growth temperature, the substrates were cleaned with the oxygen plasma sourde for 20
30 minutes. Following growth, films were also cooled down in the oxygen plasma
environmentuntil about 300C. Keeping thesample in oxygen is key for decreasing
oxygen vacancy concentrations in the film and the substrate which is important for

decreasing leakage in materials like BTO and remaining insulating in materials like STO.
3.2 X-Ray Diffraction

X-ray diffraction (XRD) isa powerful technique that gives valuable information on
the atomic crystalline structure of materials. XRD works on the wave natureayfsXand
the interference of diffracted, or elastically scattered, waves when interactinmewatic
crystalline stids. Diffraction occurs when the interplanar spacing of a material is similar
in size to the wavelengtl®) of the X-ray. Typically, Xrays emitted from copper are used
because their wavelengths are close to the spacing in many solidg €CLI3406A ard
Cu Kp = 1.3922A). However, a monochromator is commonly employed to separate the
various wavelengths and only allow one to interact with the sample, thereby simplifying

analysis.

After interacting with a crystalline material,-pays can either destrucély or
constructively interfere with one anoth@onstructive interferenceccurs wherthe path
distance between scatteredrays (2lhwsind) is an integer multiple of their wavelength

. This is represented by Braggbs | aw
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¢ _ ¢Q OE+H (3.1)

wheren is any positive integeidn is aninterplanar spacing, ardlis the angle between

the incident Xrays and the sample surfad@onstructive interference then leads to
increased collected intensity of the scatiexerays only at specific agles, known as

Bragg angleswhich can be directly related to the interplanar spaditen, depending on

the crystal symmetry, only certain planes can cause constructive interference and can be
predicted by the structure factor, which is a mathematicadrgtion of how a crystal
scatters incident Xays. Therefore hie collected diffraction pattern can give information

on bothcrystallattice parameters and symmetry.

q

Figure 3.2. Schematic view of XRD saip and the incident, diffracted, and scattgrin
vector.

When it comes to single crystalline epitaxial films, as will be the focus in this work,
high-resolution Xray diffraction (HRXRD) coupled scans are typically used to determine
the outof-plane structural parameters of the film. Becaudanaly of film crystalline

planes should be oriented parallel to substrate surface, the scattering(ggastdrich is
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the incident wave vectokj minus the diffracted wave vectdo], of the scattered Xays

points directly up from this crystalline $ace. By coupling the source and the detector
such that the scattering vector has nplane component, tha spacings parallel to the
surface can be determined. To maintain this vertical scattering vector, the angle of the
incoming Xrayswill be chaged while simultaneously rotating the detech@ncebeing

referred to as a coupled scan.
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Figure 3.3.HRXRD coupled scan of a Ru@Im grown on TiQ (101) substrate. Laue
oscillations are present and give a film thickness of 15 nm. Estimation diitkedss

from the Scherrer equation is 13 nm, in pretty good agreement with the thickness fringes,
indicated the lack of considerable microstrain.

Another consequence of HRXRD coupled scamisen films are of very high
guality on a short lateral length scakethe appearance of finigze thickness fringes, or

Laue oscillationsas can be seen in Figure .3I8e spacing between these fringesdnds
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diffraction intensities are usuallygited against, can be used to determine the thickness of
the film () by the following equation

COOEF ¢ _ (3.2)
whered. is the angle of a Laue oscillation andis the assignethtegernumber of the

fringe. Therefore, plotting sith. vs n. should give a linear line with a slopea®t.

The film thickness can alternatively be estimated by the line or peak broadening of

the scattered Xays in a diffraction pattern by the Scherrer formula

L. (3.3)

I Al-©O
whereb is the full width at half maximum (FWHM). This relation is typically used to
estimate grain sizes in polycrystalline materials but for single crystal films that are free
from microstrainwhich also affectpeakbroadeningthe thickness fnm this relatiorcan
be usedMany coupledHRXRD diffraction patterns will be shown throughout this work

and will be used to determine lattice parameters, epitaxial orientation of the film to the

substrate, and film thicknesses.

Additionally, information on the crystalline disorder through the mosaicity, or the
spread of the slight differences in orientations of a plane, can be measured RXIRY
rocking curve scando crystal is perfect so there are always these slight diffesein the
orientations of a planeven when oriented parallel teabstrate surface. Here, the source
and detector are aligned to the Bragg condition of the film peak for the plane to be

measured, and t hirey tc raeasure the deggeérbisalgnier df the
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plane. The FWHM of the rocking curve is commonly repoged usedfor exampleas a

measure of thamperfections odefects such as dislocations arising fretmain relaxation.

Finally, reciprocal space mapping (RSM)as XRD techniquethat allows for
gathering of information about not only the -@fitplanelattice parameter&op), but also
the in-plane ones(aip). Here, unlike a coupled scan, scattering vectors which are not
completely vertical to the surface are studied,dram their outof-plane and irplane
components|attice parametersr plane spacingsé both the outof-plane and irplane
directionscan be determine@hese scattering vectors can be viewed on a rex@piattice,
which can be made from any real lattice of a crystal. The distance from the origin of the
reciprocal lattice to the reciprocal lattice poird|)([for the plane in question gives the

interplanar spacing in the real lattice by

P s
Qo (39
From this equation, relations for theptane spacingd) and outof-plane spacingdoy)

can be derived as follows

W —ANO Alé- 35
) C“ 1] L o
i g — OET OEd— 1 (3.6

wheregx andg; are the irplane and oubf-plane components of the scattering vector.
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Figure 3.4.(a) Reciprocal lattice points for both a substrate (blue) and film (purple). Red

l ine outlines a scan around the (1@88 peak:
tangential direction ig. (b) (103) RSM of a completely relaxed 400 nm BTO film grown

on a Nbdoped STO (001) substrate. Expected relaxed and completely strained positions

are marked.

For epitaxy, knowing theip is important for determining the strain state of the film
and RSMs will be used in this work for mostly this reaseor a completely coherent film,

aip will be equal to that of the substrate, for a completely relaxed dipwill be equal to

the bulk,and for a partially relaxed filmajp will be somewhere in between.
3.3 Reflection High-Energy Electron Diffraction

One of the advantages of MBE being an diitigh vacuundepositiontechnique is
the capability of RHEEIStaib Instruments, Germanyl his diffraction technique allows
for in-situ surface analyzation during growth and works on the same principle as other
diffraction techniques such asrdy diffraction. The key difference here is the angle of the

incident electron beam, typically between H &degrees, which allows for only the first
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few atomic planef the surface to be probedhe information taken from RHEED is
related to crystal symmetry, periodicity, surface reconstnust and the growth mode of
the depositing film. RHEED is similato another technique, leenergy electron
diffraction (LEED), but the collected diffractiom RHEED usually consists of streaks
instead of spots and the energy of the electron beam is much higH€0%eV compared

to about 100 eVThe higher energy ettrons give a larger mean free path and allow for

the operation at the more grazing incidence.

Substrate Heater

r——

Electron Gun

L

RHEED
Pattern

Substrate

Figure 35. Schematic view of RHEED which involves an electron gun, crystalline
substrate/film, and the collected RHEED pattern.

In contrast to most diffraction techniques, the codldpattern in RHHED typically
consists of streaks instead of spots. As diffractinly occurs from the surface, in the ideal
caseof a 2D layer of periodically spaced atoms, the reciprocal lattice is then comprised of
1D rods normal to the film surface. The diffraction condition is achieved when these rods
intersectthe Ewald sphetea s pher e whose radius is inve
wavelength For a perfect crystalline surface made of one single plane of atoms, this would
appear as spots. However, due to deviations from this perfect sanfddbe presence of

domainsin real caes, streaks form insteathe spacing of these streaks give information
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on the atomic spacing and their shape on the surface construatidionally, extra
diffracted streaks can occur between the fundamental refleetimharebased on surface
recongructions, giving valuable information on the structure of the surface compared to

the bulk.Figure 36 shows typical RHEED patterns viewed from different surfaces.

Direct space Reciprocal space RHEED
pattern
(a) flat and single- spots .-
crystalline surface g

T77777777777777777777777777777777777:

(b) flat surface with
small domains

T777777777 AN 77777 AV ATR

| satellite streaks

AN

(c) two-level stepped |

surface ||| | l || h ] ‘Ii
L O W LI L .t| Il
X modulated streaks

(d) multilevel stepped ' .
surface e ' ‘
il i o ;

Py

(e) vicinal surface i % % inclined -S.’K{r?aks
1L
- | ol ' .

(f) 3Dislands Il

Figure 3.6. Typical surface morphologies and the corresponding reciprocal and RHEED
pattens. Reproduced with permissi&f.
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A large alvantage of RHEED vs LEED is the additional information gained about
and fromthe growth mode. For example, by monitoring the intensity of a reflection in
RHEED, one can determine the growth rate if the growth is in a-lgykyer Frankvan
der Merwe gravth mode. The roughening and then smoothing of the surface as each layer
is formed causes the intensity to decrease amdribeease, respectively. The time between
each oscillation is the time it tad&® grow orecomplete layer, orunitcel hes e A RHEED
oscillationso give a materials scientist
growth cortrol, and allow for precise termination of lay&kich isvery useful for growth

of heterostructures and supeitzs.

Another growth mode stepflow growth, is usually indicated by an initial
roughening or decrease in intensity, followed by an increase in intensity as the first layer
forms, and then a constant intensity as the-8tep growth proceeds. Volmeneber
island growth can be viewed by the loss of streaks and the appearance of spots, as the
electrons are transmitted through the formed islands instead of reflecting from the planar
surface Finally, StranskiKrastanov, which involves a layby-layer growthfollowed by
island growth, can be viewed as RHEED oscillations occurring with an overall decrease in

the reflected irgnsity as film growth proceeds.
3.4 X-Ray Reflectivity

Instead of Xray interference between periodic crystalline planesay<reflectvity
relies on interference between interfaces, commonly the-ditninterface and the

substratdilm interface. Should these two interfades presenwith minimal roughness,
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oscillations known as Kiessig fringesll occur. The frequency of the oscillats depensl
on the distance betwedhesetwo interfaces, e.g., the thickness of the fildiessig
devel oped a formula based on the complex r

X-raysandSneDbescartesdé6 | aw. The formula is

‘|

OE+ q (3.7

wheren is the order of the reflecticandU is twice the critical angle of reflection.
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Figure 3.7.GIXR experimental data and simulated fit to the Kiessig formula for a BTO
film grown ona (LaAlOz3)o.3(STaAlOs)o.7 (LSAT) (001) substrate. The fit givesfigm
thickness of 27 nm.

In this work the reflectivity measurements performed are known as grazing
incidence Xray reflectivity (GIXR) due to the small angle of the incidentays.GIXR
can be used for more-ofepth analysis of the properties of interfaces, since the reflection
depends on the material bés el ectron density

be used to determine film thickness. FigBréshows a representative GIXR measurement

for a BTOfilm and fitting using the GenX software.
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3.5 Atomic Force Microscopy

Atomic force microscopy (AFM) is a form of scannipgpbemicroscopy (SPM)
that allows for characterization of sample surfag#h resolution better than the optieal
diffraction limit including topography imaging arelectrical, magnetic, and mechanical
force measuremenin the simplest configuration, AFM consists of a laser diode which
shines a small spot on a spriliige cantilever and is then collected by a photodj@decan
be sea in Figure 3.8aThe cantilever is either dragged (contact mode), tapped (tapping
mode), or oscillated (pedkrce mode) across the surface of the sample in a raster motion
and any changes in the deflection of the laser is collected and andhflettion in the
vertical direction is a consequence of the bending of the cantilever from, for exaople,
the topography or Van der Waals forces while deflection in horizontal direction is from

any twisting of the cantilever, usually related to forces lilaiém.

(b)

Cantilever

'r:-Q5nm

Figure 3.8.(a) Simple schematic of an AFM sap. (b) AFM image of a 20 nm BTO film
grown on a Nbdoped STO (001) substrate. Atomic steps can be seen on the surface with
the height on unit cell of BTO.
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AFM will mostly be used for in this worto measure the surfatepographyand
to characterizfeatures on the surface such as domains or morphologies arising from
differences in growtleconditions or growttmodes An example is given in Figure 3.8b for
a BTO film grown on Nkdoped STO (001) substratieleasurements werdoneon a

Bruker Nanoscope V Multimode 8.
3.6 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a characterization technique which can
give information on composition, electronic structure, oxidation state, and the chemical
environment of atomic specieXPS works, in principle, based on the photoelectric effect.
X-rays with a known wavelength or energy, usulli{X g X-rays (photon energy = 1486.7
eV), are supplied by an-¥ay source and then interact with the sample of intefé®e X
ray photons are absorbed by the atoms in the sample@matalectron is ejectedf the
energy of the Xay is larger than that of the binding energy of the electron. The kinetic
energy of this electrorE() is measured and, because the enefghe incident Xray is
known (3), the binding energyEg) of the emitted electron can be determined by the

following relationship, wheré is the work function of thenaterial.

O ®» 0O - (3.8)
By measuringek, one can then determine, frdés, the element from which the electron

was emitted, which orbital it was emitted from, and the immediate chemical surroundings.
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Figure 3.9.(a) Schematic view of a photoelectron emitted from a core level of an atom
due toan incident Xray. (b) Representative XPS survey spectrum of Rg@wn on R
plane sapphirer{Al20s).

Although XPS is a powerful techniquie€ does have its limitationd-or the work
done here, these limitations anainly based around XPS beingstricted to measuring the
first few nanometers of the surface of a matemal he inherent error in determining the
atomic compositionggenerally I 2%. Determining the overall composition of a film can
be difficult for these two reasomls changem the chemical makeup can occur just at the
surface of a film and the level of error here can miss slight but important changes in
stoichiometry Nevertheless, XPS will be usédHI 5000 VersaProbe Il Photoelectron
Spectrometgrto give an estimation diim stoichiometry and atomic ratios as well as for

determining oxidation states.
3.7 Impedance Spectroscopy

Impedance spectroscopy, sometimes call dielectric spectroscopy, is a technique
used to study the response of a material to an applied alteroatregt (AC)electric field,
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usually as a function of the frequency of the fie&tillations The interaction of dipoles
within a dielectric material with the AC field gives information on properties such as

dielectric constant and dielectric loss.

An ide a | resistor ReViwhereR is @bk resissancd/ & \the
voltage, and is the current. Ideal resistors not only follow ttaw, but they also have a
resistance value independent of frequency and do not change the phaseppfiech
alternating currentn reality,however many materials are more complicated than an ideal
resistor and this forcethe use a more complex parameter, impedance. Impedaice (
describes the effective resistance of a material to an alternating corrér@resistance to
an alternating current in terms o-writtenot h

for impedance afunction of time {) as

. o ., oglo 3.9
© 5 ¥BETo % '
where Z| is the magnitude of the impedanaeis the frequency, andis the phase shift.
Impedance can alternatively be represented as a complex number
O IeAT% OB Y Qb (3.10
whereR is the resistance arXlis the reactance.
Impedance is commonly ed for fitting an equivalent circuit model for a measured

system. Circuits are typically made of resistors, capacitors, and inductors whose respective

impedances are given by
o Y (3.1)
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%) (3.12)

P
Q06
©w Q0 (3.13)
whereC is the capacitance aridis the inductance. For capacitors, sometimes individual
capacitive elements do not behave ideally and are instead described by a constant phase

element (CPE) whose impedance is given by

p

(I) T 5,
L Q]

(3.14

where U describes how far from an ideal capacitor the eleme(it)is 1 for an ideal
capacitoy andQ is afrequency independent constamat equals the capacitance whén

1. In total, adding these elements in parallel or in series makes up an equivalént circu

As mentioned, impedance spectroscopy is also commonly used to determine the
dielectric properties of a materiddy applying an alternating current to a meatedulator
metal capacitor structure with the dielectric material of interest as the insalagocan
measure the real and imaginary part of the impedancRk, ard X, respectively The
following relations are then used to determine the real part of the dielectric cot§tant (

the imaginary part of the dielectric constalif)(and the dielectric loss tangent @n

:
T e Y o (3.19
Y
v (3.16)
. .~ Y
0AT = (3.17)
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whereCo = BA/d, ( being the permittivity of free spaca,the electrode area, anithe

insulating dielectric layethickness.

Impedance spectroscopy will be used H{E#990a Impedance Analyzer, Keysight
Technologies, USA)o determine the dielectric properties of grown dielectric and
ferroelectric films as well as to perform equivalent circuit fitting to deternfieets from

intrinsic and extrinsic effects, like resistances from contacts and leakage across the film.
3.8 Metal-Insulator-Metal Device Fabrication

To perform dielectric, ferroelectric, and leakage current measurements, filcths nee
to be grown on a condting bottom electrode and then fabricated into a complete metal
insulatormetal (MIM) device.The simplest way to achieve this is to grow the film on a
conducting bottom substrate which can then act as the bottom electrode in the device. For
perovskite oides, conducting Nioloped SrTiQ substrates make a good bottom electrode
and will be used for the majority of the devices in this wéidkernatively, a conducting
film can be grownn-situand act as a bottom electrode as vidl.the top electrode, méta
which form a Schottky contact are desirable because this will inhibit the flow of current,
or leakage, through the deviédso, materials which can efficiently screen the electrostatic
charge at the electrodiém interface are beneficial as this wilelp with decreasing the
Adead | ayerdo in | arge di ePlaimum wascthe matahaft an't
choice here because its large work function should create this Schottky emataictan

effectively screen electrostatic chargigh most méerials.
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Nb:SrTiO, (001)

Figure 3.10.(a) Side and (b) top schematic view of fabricated BTO MIM capacitor.
Electrode radii in panel (b) from smallest to largest are 25, 50, 75, 100, 15@5200, € m.

Device fabrication for all films were performed using the followprgcedure
unless explicitly stated otherwise. Following MBE growth, samples war®ved and
transferred to an AJA ATC 2000 sputter system (AJA International, Inc., t#8A)150
nm of Ptto bedeposited at room temperature. Next, photoresist was spupastedned
using a standard photolithography process. The pattern consisted of multiple electrodes of
various sizes, radii from ~25n to 250em. All measurements in this work were done on
electrodes with radii of 100m. After spinning the photoresigterforming theexposure,
anddoing thedevelopment, the Pt top electrodes were formed by ion mill et¢mtigac
Thin Film CorporationUSA) throughthe entire top Pt layer and into either the dielectric
or bottom electrode. Next, contacts needed to be made to the bottom electrode. If the etch
process did not reach the substrate, a further etch would be done around the outside of the

sample, far fromhe electrodes located in the center.

The ion mill etching process is known to make perovskite oxides conducting, so

following this step an oxygen anneal was done. Films were annealed for one hod€at 900
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in an oxygerrich environment in a tub&rnace. The oxygen anneal also served the
purpose of decreasing oxygen vacancy concentrations in the perovskite oxide films, which
would be present even without etching. Although probing of the bottom electrode would
then be possible following the etchimyocess, making Ohmic contact directly with
perovskite oxides can be difficult. For this reason, metal contacts would be sputtered, once
again, around the outside of the sample on top of the bottom electrode. Theds emrtac

20 nmAl / 30 nm Ni or T¥ 150 nm Au. Al makes a good Ohmic contact to most perovskite
oxides, Au acts as a barrier to oxidation, and Ni or Ti was inserted in between to inhibit

intermixing of Al and Au.
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Chapted

4. Hybrid M olecular Beam Epitaxy Growth of BaTiO3

The ability to r@roducibly synthesize thin films with precise composition and
controlled structure is essential for fundamental study and mass productionthdere,
hybrid MBE is used for thgrowth of epitaxialsingle crystallindaTiOs films of different
thicknesses on NHoped SrTiQ substrateswith atomically smooth surfaces. By
combining scanning transmission electron microscopy, tempet@tpendenHRXRD,
RHEED, and AFM, the effect of growth conditions and the interplay between
stoichiometry and epkial strain on the resulting structure is studearthermore, alose
to bulk-like ferroelectric phase transition in thicker films is demonstrated and highlights
the effect of strain on the phase transition temperalums. work establishes the hybrid
MBE approach for the growth dfeter@pitaxial BaTiQ films on conducting substrates

with scalable thickness amdntroled stoichiometry

This chapter was adaptdtbm: William Nunn, Sara Sandlass, Maike Wegner, Ryan
Haislmaier, Abinash Kumar, Malleswas@ Tangi, James LeBeau, Eckhard Quandt,
Richard D. James, and Bharat Jaldgbrid Molecular Beam Epitaxy Growth of BaT4O
Films. J. Vac. Sci. Technol. 39 (2021).
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4.1 Introduction

Growth of thin film BTO has been reported using various thin filleposition
techniques including MBEvhich has the advantages of being able to produce materials
with atomiclayer control and low in impurities, leading to high quality BTO fiftfrs.89.19
MBE growth of BTO films can prove difficult, however, mostly due to the problem
associated with stoichiometry control. Regulating the relative Ba/Ti metal fluxes is often
challenging, and, in oxide MBE, oxygen deficiency can also occur, as a relatively low
oxygen background pressure (=°1010° Torr) must be used to maintain the characteristic
MBE large meariree path. While oxygen deficiency can be overcome by-grastth

annealing, controlling cation stoichiometry is still a major challenge.

Recently, advances have been made in MBE synthesmlude metabrganic
based hybrid MBE techniques which replace solid elemental metal sources with metal
organic compounds. Using this approach, it has been shown that an adsaptrofied
AMBE gr owth w i -regulatimg stoichbometrys existfor a variety of
compounds, including titanat&s!3®1%vanadates?® and stannate'$? Of the titanates, a
few reports exist for BTO involving hybrid MBE growth, howev&r147.19493 gnly one
report directly address the growth windé®.BTO was shown to grow completely
coherently on an insulating GdSg€ubstrate where the growth window was identified by
a Ba to Ti flux ratio region within which films displayed a constantajtilane lattice
parametet?® Here, a closer lools takenat the growth of BTO films using hybrid MBE

and study the effect of growth conditions and film thickness when grown on the more
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commonly used conducting Ndoped SrTiQ substrates which is expected to not support

coherent growth past a few nanometers.
4.2 Hybrid MBE Growth and Characterization

The hybrid MBE growth technique was used for the deposition of BTO films, as
was described in Chapter 3.1. Filmwere grown on Nimloped SrTiQ (001) (Nb:STO)
substrates at 950°QRelative growth conditions were determined from the ratio of the
Ti:Ba fluxes measured as a beam equivalent pressure using a beam flux monitor inserted
below the substrate prior to growt@Browth rates ranged from ~ 5060 nm/hr.Post
growth annealing was done, after initial characterizations, in an oxygfeenvironment
in a tube furnace operated at 900°C for one hour.

Crosssectionakcanning transmission electron microsc{pyEM) sampes of the
BTO thin film were prepared using mechanical wedge polishing followed by Ar ion milling
to obtain an electron transparent sample. STEM imaging was performed using -a probe
corrected FEI Titan G2 6800 kV S/TEM equipped with an extreme field enaasgun
(X-FEG) and was operated at 200 kV with a beam current of 50 pA and probe convergence
semtangle of 19.6 mrad. Thieigh-angle annular darkeld (HAADF-STEM) collection
inner semiangle was 77 mrad. Drift and scan distortion correction were apgiagd the

revolving STEM approach?

A representative HRXRD pattern for a BTO film grown on Nb:STO is shown in
Figure 4.1a. Single peaks are present for the (001) planes showing single crystalline,

epitaxial films consistent with the single domain structure of the tetraganas oriented
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out-of-plane. Finite thickness fringes, evidence of high structural quality on a short lateral
length scale, were present around the (001) peak. The surface of the BTO film consisted of
atomic step terraces as seen in AFM and sharp streaky RHEED imagea #ith
reconstruction along the [100] substrate azimuthyf€ig.1b and4.1c, respectivelyboth

attesting to the smooth surface morphology of the film.
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Figure 4.1.(a) HRXRD, (b) AFM, and (c) RHEED of 46 nm BTO/Nlmped STO (001)
(blue) Ti:Ba BEP ratio of 13.7. The inset of (a) shows a zoemémbk at the (001) peak.

(d) Crosssectional HAADFSTEM image of the filrsubstrate interface of thicker 240 nm
BTO grown onrNb-doped STO (001), viewed along the [100] zone axis. The dashed white
line draws the Burgers circuit around a misfit dislocation with the white arrow signifying

the Burgers vectds = a[010].

To take a closer look at these filmepgssectional HAADFSTEM was performed
on a thicker 240 nm BTO film grown on Nb:STO (Figure 4.2d)atomically abrupt film
substrate interfacevas found, howevewith misfit dislocationssporadically distributed
along the interface. This observation of misfit dislocatiom®rsistent with relaxing films

owing to a large lattice mismatch &%.2% for BTO film grown on STOHowever the

thinner films, e.g. 42 nm shown in Figutdai 4.1c, showed amrxpanded oubf-plane
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lattice parametesgp) obtained from HRXRD4.058 + 0.002 A compared to the bulk value
of 4.036 A suggesting these thinni@m s are still strainedWhile the presence of strain is
likely responsible for the expandag), it can also be argued to be due to4stmichiometric
related defects. To ftirer investigate the effect of n@toichiometry and strain relaxation
as well as the interplay between the two, two series of sam@es grown (1) with

varying Ti:Ba BEP flux ratios, and (2) with varying thicknesses at a fixed Ti:Ba BEP ratio.
4.3 Growth Window

First, theef f ect of Ti : Ba BEP ratio onisfil msao
discussedFigure4.2a plotsagp vs. Ti:Ba BEP ratio before and after a 1 hour anneal in an
oxygenrich environment at 900°C. The purpose of the anneal was teasecoxygen
vacancies, which are commonly found in M@Bwn BTO films!® All films showed a
decrease i after annealing which is most likely due to the filling of oxygen vacancies
and/or further strain relaxation. At a first glance, from the treradpins. Ti:Ba BEP ratio,
the MBE growth window, as reported previously for the hybrid MBE of BTO fitthis
not evident. The increase and then a decreaas with increasing Ti:Ba contradicts the
previous hybrid MBE report of a constaa, with Ti:Ba for a fully-coherent film on
GdScQ. However, the case of BTO grown on STO is more complicated due to the
expected strain relaxation from the significant lattice misma&kB%bo) as opposed to when

grown on GdScg) which has approximately-8.5%lattice mismatch
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Figure 4.2.(a) Lattice parameterd BTO films grown oriNb:STObefore (light color) and
after (dark color) oxygen annealing. (b) (103) RSM BTO film at the peak latte
parameter growth conditiomi:Ba = 13.7.(c) Thickness, (d) unit cellolume, and (e)
FWHM of (002) rocking curvef) AFM and @) RHEED images along the substrate [100]
azimuth with varying Ti:Ba growth conditiong/hite arrows mark surface reconstruction
streaks.

To this end, RSMof the flmswere measuretb determine the strain state. Figure
4.2b shows the RSM of a 53 nm filmhich had the largestp, grown at Ti:Ba = 13.7,
which revealed a mostly, but not completely, relaxed film as evidenced by the film peak
being between the expected relaxed andm&thpositions. It should be noted that the

coherently strained iplane lattice parametera) of a BTO film on STO substrates refers
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to the lattice parameter of cubic STO, 3.905Whereas the expected coherently strained
aop, 4.121A, was calculated irsg the BTO elastic constan@:1 and Css as shown in

Equation 4.1) where(}, is the inplane strain applied to BTO from the substrdte.
O OERI Q@ ooam —— (4.)

The expandedop of the BTO film grown here can therefore be explained by the residual
strain present in the film and the partial relaxation. This observation is further consistent

with presence fahe misfit dislocations in thETEM image in Figre4.1d.

Nevertheless,hie increasing and then decreasing trengsprseen in Figurel.2a
does raise questions on the stoichiometry of these films. If an MBE growth window does
exist, a range of flux ratios expected to be seemithin which there is adsorptien
controlled stoibiometric growth signified by a constaa, for a coherenfilm. For BTO
growth here this is not seeue to strain relaxation. However, an adsorptiontrolled
growth regimas expectedo occur when using this hybrid MBE technique as demonstrated
earier.'*® It was found when taking into account not ondg, but alsoai, obtained from
RSMs (Figure 4.3x nearly constant volume, assuming a tetragonal unit cell, of:G1 13
A3, the value of bulk BTO. This can be seen in Fighgsl throughout the Ti:Ba ratios
used here. Along with a constant and low FWHM of the (002) BTO film rocking curves in
the cente of these growth series, Figude2e, it is possible that an adsorptioontrolled
window is present but the more complex strain state of BTO/Nb:STO causes the changes
seen imgp. At the very least, any nestoichiometric related defects present wittis flux

range do not have an effect on the structural quality that can be probed by XRD.
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Figure 4.3 (103) RSMs of 4962 nm BTO films grown on Nb:STO with varying Ti:Ba
BEP flux ratios.All intensity ranges are kept the same and shown next t&xgected
relaxed and coherently strained intensity

Consistent with the above observation, films grown within this flux range also
showed atomically smooth gace morphology with step edges (Figdr2f) along with
identical 2x surface reconstruction (Figdt2g). Moving to a Baich regime (low Ti:Ba),
an island growth mode was seen with spotty RHEED and large island formations in AFM.
On the other side, ti&-r i ch regi me (Ti:Ba O 17.2), a
surface was seen with the emergence of 3x reconstruction in RHEED. The non
stoichiometry present in the film not only increases bulk structural disorder, as seen by the

FWHM, but also thgrowth mode and surface morpholo@ye drastic change in surface

morphology as moving to the Bech regime is in contrast with the hybrid MBE growth of
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SrTiGs. In the case of SrTi§) moving off stoichiometry towards both the- &nd Tirich
regime does ot cause such levels of surface roughening, attesting to the difference of

depositing with Ba vs Sr in oxide hybrid MBE.
4.4 Thickness and Temperature Dependence

To further check filmdéds <cation stoichi
thicknessdependent study on a representative BTO growth conditias performed
Figure4.4a shows the HRXRD patterns of films, ranging in thickness £6rto 500 nm,
grown at the pea#,p growth condition in Figurd.2a, Ti:Ba BEP = 13.7. As expectedied
to strain relaxation, a peak washobskertedTheo | ar g
aop, Obtained from these peak positions, shows this expected decrease, settling to

approximately the bulk lattice parameter at a thickness of 11asseen ifigure 4.4.
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Figure 4.4. (a) HRXRD of 20 to 500 nm BTO samples before and after oxygen annealing,
increasing in thickness from bottom to tgp) Thickness dependeput-of-planelattice
parametetaken from both peaks when present, represertiragnd a-axis domains. (c)

FWHM of (002) film rocking curvesAll films were grownat t he peak | atti c
growth condition, Ti:Ba = 13.7. Values rep
anneal ing.

The lack of strain was confirmed by R§Mgure 4.5 of the thickest sampl&00

nm BTO on Nb:STO where the film peak aligned with the expected bulk relaxed position.
Films also showed a decrease in the (002) film rocking curve FWHM with increasing
thickness, Figure4.4c, suggesting improved crystallinity. Interestingly, after istra
relaxation was complete as films were grown to larger thicknesses;-tasttla-domains
emergedA second peak began to appear in the HRXRD, for all but the thickest 500 nm
film, signifying a second domain consistent wathxis of BTO aligned oubf-plane. This
agrees well with what has been shown for BTO films, that the absence of bigx@hé

compressive strain helps form multidomain films, not only ¢hexis orientatiort®’
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Remarkably, however, the post ggn annealing was found to decrease or even eliminate
a-domains (depending on the film thicknesses) as evident from the lowering of the peak

intensity associated with tteedomains (Figre 4.4).
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Figure 4.5 (103) RSM of 500 nm BTO film grown on Nb:STQtar oxygen annealing
showing completely relaxed lattice parameters.

With the growth condition effect on the stoichiometry and stséate determined,
the effect of temperature on the lattice parameters of thesewdmshen studied-igure
4.6 shows he aop obtained from temperature dependent HRXRLC50 nm and 350 nm
BTO films. Consistenwith the first order phase transition in a bulk BTO single crystal,
the 350 nm BTO film showed a close to bulk phase transition tempetatita only a
slight increase iffc. On the other hand, the thinner 50 nm film yielded a phase transition

with significantly higheiT¢ (also see Figuré.7), following the known trend of ancreased

T. with increased straiff
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Figure 4.7. Temperature dependent HRXRD patterns of (a) 50 nm BTO film grown on
Nb:STOand(b) 350 nm BTO film grown on Nb:ST&xtra peaksre present in (a) due
to 1) lack of monochromator and 2) Au and Pt sputtered on the film for future dielectric
measurements. All other HRXRD measurements in this report used monochromated X
rays

67



In summary, single crystalline, epitaxial BTO films were grown on a conducting
Nb-doped STOsubstrateu si ng hybri d MBE. Sampl es grown
windowo yielded films with a constsmaooth | atti
surface morpblogies with an identical 2x reconstruction in RHEED. With increasing film
thickness, BTO films begin to relax, reaching to bulk lattice parameters at film thicknesses
O 115 nm. Ahasdtransigotemperatbhrevas lemonstrated &350 nm BTO
film on Nb:STO substrate witha slightly increased. ~ 150° C. Consistent with prior
results, in-plane strain was found to raisd.. This work shows the influence of
stoichiometry and strain relaxation the BTO film structure and surface morphology in
addtion to establishing hybrid MBE for nominally stoichiometric, epitaxial BTO dibn
a conducting Nidoped STO substrate, which is much needed to creatpitdkial

perovskite capacitor structures.
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Chapter 5

5. Challenges with BaTiQ Capacitors

5.1 BaTiO3s Dielectric Measurement

As discussed in the previous chapter, BaTiins were grown on conducting
bottom substrates, Ntboped SrTiQ. By growing on these conducting substratéslectric
device measurements could be performed after further fabrication to create a complete
metatinsulatormetal capacitor. The details of this general fabrication process can be found

in Chapter 3.8.

To begin,Figure 5.1 shows the real part of theelectric constant and the
dielectric loss tangent (tanfor a representativ8TO film grown onNb:STO (001).
Across the frequency range measured Hérgas relatively constant with a value of ~ 300
and ta remained at a low value of 0.01 in tlmv frequency range until it began to
increase around fCHz. The increase in tancould be due to extrinsic effects like
inductance, which tends to happen at higher frequencies, or due to the onset of dielectric
relaxation which tends to happen abov&H for BTO films1° Equivalent circuit fitting

was performed to determine if an extrinsic effect was playing a role in the dielectric
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behavior seen here. The simplest circuit that gave a good fit, which can be seensetthe
of Figure 5.1a, consisted of a contact electrode resistégan( series with a constant
phase elemenCPE) and resistance of the filnR{, of which the latter two are in parallel

with each otherThe relation for thimpedance of thisircuit is then given by

. Y

From the fittingU = 0.99, close to ,Jwhich means the film is acting as almost an ideal
capacitor. Also, & no other extrinsic effects were seen from the fittthg, impedance
could be accounted for with just the contact #melfiilm andthe increase in tanwith

increasing frequency is most likely from the onset of dielectric relaxation in the BTO film.

400 + C Data —Fit

300

w 200

100 -

tand

10 10° 10* 10° 10° 107
Frequency (Hz)

Figure 5.1.(a) Dielectric constant and (b) loss tangent of 46 nm BTO films grown on
Nb:STOwith Pt top electrodeDark line is a fit to the inset equivalent circuit.
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The value of®obtained was ~ 300, which éose tobulk single crystavalues of
BTO.1* However this value was measured for a fairly thin film, 46 nm, and one would
expeet a smaller than bulk value around these thicknesses due to possible depolarization
regions from a dead layer effedto get a better | d&fathesdé t he

hybrid MBE-grown BTO films, studying theffect of film thicknessvasnecessary

4000}
3000 .
w 2000} .8
."-
1000 } .,n"
ol ®

0 100 200 300 400 500
Thickness (nm)

Figure 5.2.Thickness dependence of the dielectric constant of films grown on Nb:STO.

BTO films were grown from 20 nm to 500 nm on Nb:STO, as was discussed in
Chapter 4. After device fabrication, impedance spectroscopy was used to determine the
dielectric constant as a function of film thickness, plotted in Figure 5.2. As can béfseen,
linearly increased with increasing thickness. This is not uncommon to see in films and is
usually attributed to the dead layer effect. At the interfaces, there can exist these low
dielectric constant layers, and their capacitances then add in series \wittktbethe film.

Eventually as the film thickness is increased, the effect of these layers should become
negligible and the Abul ko val ue Ucontinuesbe r e
to increase up to 500 nm, the thickest film grown hitie possible that thébwill saturate

71



at even higher film thicknesses, but the value obtained from the impedance is already ~

3000, an order of magnitude larger than bulk BTO.
5.2 In-situ Electrode Growth

Although effects like the dead layer effect arginsic to the materials used, the
dead layer size can be increased due to defects created at the interfaces*aSowell.
determine if this was the cage,minimize interfacial defect#-situ hybrid MBE-grown
La-dopedSTO filmsweregrown on STO (001) substratiesact as a bottom electroded
BTO films were grown on toplThe heterostructure after MBE growth wH30 nm La
doped SrTi@20 nm SrTiQ/SrTiOs (001) (La:STO)The sheet carrietensityof La-doped
STOwas measured as 4.0 x*26m?, compared to 7.5 x ¥dcm? from Nb:STO substrates.
The20 nm of STO prior to Laloped STO was grown to keep the metallic layer separated

from the substratebds surface

Although BTO was grown on strically the same material, doped STO,
differences in the structure of BTO were observed and will be discussed first, before
moving to dielectric measurements. To directly compare films grown on Nb:STO
(described in Chapter 4) and La:STO, many figures f@mpter 4 will be reproduced

with the new data from films on La:STO.

Representative HRXRBcans of BTO films grown on Nb:STO and La:STO are
shown in Figureb.3a. Like those on Nb:STO, films grown on La:STO wesiagle
crystalline, epitaxial films consistewith the single domain structure with the tetragonal

c-axis outof-plane.However, large differences were foundaisp, 4.058 + 0.002A and
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4.097+ 0.002A for films onNb:STO and La:STO, respectiveWhile the surface of the
BTO filmson Nb:STO consisted of atomic step terraces asise®fM and sharp streaky
RHEED images with a 2x reconstruction along the [100] substrate azimuth, (Eighre
and5.3c), respectivelythose ora:STO showed an atomically smooth surface but no steps

in AFM (Figure5.3d) and a RHEED pattern with a 3x reconstruction (Figuge).
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Figure 5.3 (a) HRXRD of 46 nm BTO/Nfoped STO (001) (blue) and 43 nm BTO/La
doped STO/STO (001) (green) grown at Ti:Ba BEP ratios of 13.7 and 15.2, respectively.
The insetshows a zoomeuh look at the (001) peaks. (b) AFM and (c) RHEED of
representative 46 nm BTO film grown dib:STQ (d) AFM and (e) RHEED of
representative 43 nm BT{dm grown on La:STO

Thedifference in structure can be seen even more clearly basbd degendence
on the growth condition, or Ti:Ba flux ratio. Figure 5.4a plagsfor films grown with
varying Ti:Ba. Although therevere differences in the value ap, both sets of films
showed the same qualitative behavior of an increase and then decrease with increasing
Ti:Ba. A shift in theTi:Ba ratio for thepeakaop did occur as well and may be due to

differences in the experimental conditions, error in flux measurements, or differences in

the growth temperatures arising from the use of different substratedofdial STO vs
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undoped STO)RSMs(Figure 5.4b and 5.4ayere then used to conclude the differences
in aop were due to a difference in the strain state. Films grown on La:STO were more

strained, even though the lattice mismat&h2%) was the same.
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Figure 5.4.(a) Lattice parametersf BTO films grown onNb:STO (blue) andLa:STO
(green), before (light color) and after (dark color) oxygen annealing. (013) RSMs of BTO
films grownon (b Nb:STO and (c) La:ST@t the peak lattice parameter growth condition,
Ti:Ba = 13.7 and 15.2, respective{d) Thickness, (e) unit cell volume, and (f) FWHM of
(002) rocking curve.

RSMs were not taken for all samples grown on La:ST@ypes@nd therefee unit
cell volume, was not determideHowever, a similar trend in the FWHRF the film

rocking curvesvasseen (Figuré.4f), a range of low FWHM with an increase to either

side, suggesting the presence of a growth window.

The stabilization o&nincreased straistateon La:STO was then confirméarther
by growing a series of films with increasing thickness. Even at 40@gpieid not relax to
the bulk value of BTO (Figure 5.5a), although the FWHM of the film rockingesurv

decreased in a similar manner (Figure 5.%8M of the thickest film, 400 nm, showed
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both aop anday, falling between the expected fully strained and relaxed positions (Figure
5.5d), while in the 500 nm film on Nb:STO they fell exactly on the expedkced
position (Figure 5.5c)inally, with the increased strain state, an increade otcurred,

as was expectegdrigure 5.5e).
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Figure 5.5. Thickness dependent (a) lattice parameter and (b) (002) rocking curve FWHM

of BTO films grown onNb:STO (blue) andLa:STO(green) after oxygen annealinill
flmsweregrowmt t he peak | attice par amat &b: STOwt
and drb.L2a (OB)JR3M of (c) 500 nm BTO film oNb:STOand (d) 400 nm BTO

film on La:STQ (e) Temperaturdependent oudf-plane lattice parameters of 50 nm and

350 nm BTO films grown oiNb:STOand 400 nm BTO film grown oba:STO. Arrows

mark Curie temperatureg§). Dashed gray line is bulk single crystedxis () anda-axis

tetragonal &) as well asculic (ac) lattice parameterdnset shows the Curie temperature
changing with the oubf-plane lattice parameter.

The question remains as to why BTO films grown on La:STO undergo less strain
relaxation than those on Nb:STO despite identical growth conditions and same lattice
mismatch with the underlying layers. Based on the previous and following results, the
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difference is attributed to the electrical boundary condition. Although the measured room
temperature resistivities of Nb:ST¢hbstrate§ 6 mqL ¢ m) &lmsd 2L anq3TcOn)
weresimilar (within a factor of 3), they kissignificantly differentsheet carrier densities

(n2p), 7.5 x 108 cmi? and 4.0 x 18 cmi?, respectively, owing to their different thicknesses.

The electrical boundary condition has been shown to affect domain formation in
ferroelectric thin films by changing the depolarizatiteld present in the ferroelectric

film."12%This could potetially influence the strain relaxation process and therefgre

To test this hypothesis, two ~ 40 nm BTO films were grown on a conducting and
an insulating STO layer. A Ti:Ba BEP ratio of 14.2 was used. As illustrated in Figure 5.6a
and 5.6b, both subistte and the buffer layer were kept identical with the only difference
being the conducting vs insulating surface. The conducting layer was obtained by doping
the top 25 nm of STO with La dopant. Consistent with the results above for BTO films
grown on a fghly conducting Nb:STOrgp = 7.5 x 168 cm?) substrate vs. on a less
conducting La:STOrgp = 4.0 x 168° cm?) substrate, the controlled films grown on an
insulating surface (i.e., no carriers) yielded a much laeggn(4.102 + 0.002 A) as
compared tofilms (4.058 + 0.002 A grown on aconducting surfac€Figure 5.6e).
Accompanied by the change in lattice parameters, a drastic change in surface morphology
was also seen, suggesting growth modes may also be affected by the electrical boundary

condition.
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Figure 5.6. (a-d) Film heterostructussand AFM imagsof BTO films with insulating and
conductingoottom boundary conditioren STO (001) and LSAT (00With Ti:Ba = 14.2
HRXRD of insulating interface BTO/STO (dark green) and conducting interface
BTO/La:STO (green) filmheterostructuregrown on (e) STO (001) and (f) LSAT (001).

It is conceivable that the mechanical boundary condition may also interfere with
the electrical boundary condition during ferroelectric film growth. Therefore, to study the
interplay between the electrical and mechanical boundary conditions, BTO films were also
grown on conducting and insulating STO which was strained to match
(LaAlO3)0.5(Sr2TaAlOs)o.7 (LSAT) (001) substrates. When grown coherently on LSHT,

STO matches the {plane lattice parameter of LSAT, 3.848 thereby increasing the

lattice mismatch with BTO from2.2% (with STO substrateo -3.1% (with STO/LSAT
substrate). Shown in Figure 5.6¢ and 5.6d, increasing the lattice mismatch causes less of a
difference in the surface morphology of BTO when grown on the two contrasting electrical
boundary conditions. The magnitude of the shiftagp also decreases, as seen by the
reduced peak shift in HRXRD (Figure 5.6f). These results suggest that although growing
on an insulating layer can drastically change the microstructureygindhe case of BTO

on STO, this effect can be negated by a change in the mechanical boundary condition as
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seen on STO/LSAT. It is also noted that in addition to the electrical and mechanical
boundary conditions, surface roughness of the underlying laggeptay an important role
in the strain relaxation process, the effect of which is minimized by growing underlying

STO layers via MBE as opposed to using STO substrate as an active interface.
5.3 Measurement ofin-situ Electrode Device

Keeping in mind theifferences in structure of the BTO films based on their bottom
electrode, ad following the completedevice fabrication, impedance spectroscopy was
used once again to determidifor a range of thicknesses, 22 nm to 400 nm. fElselts
are shown in Fige 5.7. At first, it did appear the problem was solved diidvas
beginning to saturate as film thickness was increaldesvever, whenlooking at the
Nyquist plots Figure 5.7b an additional component, a semicirclis, present at high
frequenciesdut wasnot for films grown on Nb:STONyquist plots are a useful way of
quickly determining if the MIM device behavior is like a capacitor (straight vertical line),
a resistor (straight horizontal line), or a mixture of the tgem{icirclg. The origin of this
additional component is unknowsome extrinsic effect, most likelyput can be removed
by equivalent circuit fitting to determine the true valudffor the film. The equivalent
circuit used can be seen in Figure&.ibr both filmsgrown on Nb:STO and La:STO.
Satisfactory fits could only be obtained with the additioaroéxtrinsiacapacitive(CPE)
andextrinsicresistive elemen{Re), in parallel, for films grown on La:ST@rom these
fits, the actual filmbcould be determineddm the capacitive component for the individual

films (CPE) and the results showdtatboth sets of films héithe same linearly increasing
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b as a fundobn of thickness, Figure 5d7 Growing films on anin-situ grown bottom

electrode did not solve thegiiem of the lack of bulkbsaturation.
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Figure 5.7.(a) Thickness dependence of the dielectric constant of films grown on Nb:STO
and La:STO. (b) Nyquist plot, imaginary vs real part of impedance, for ~ 45 nm BTO films
on both Nb:STO and La:STO. Inset shows high frequency, low impedance values. Solid
linesare fits to the respective equivalent circuits, shown in (c). (d) Thickness dependence
of the dielectric constant taken from only the film component (C8i#ained from the

equivalent circuit fitting.

5.4 Device Fabrication Routes

The other interface edd be the source of the parasitic interfacial capacitance that
is dominating the impedance measuremerasstudy the effect of the top electrotieee

different routes of fabricatiomwere donewith the goal of removingossibleextrinsic
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defects betweethe BTO films and Pt top electrodebhis top interface is exposed to

atmosphere when removed from the MBE syste

Figure 5.80utlines the three fabrication flows used here to determine if there is any

impact on the dielectric properties. Sample A wasi¢abed with the typical route used in

the previous section and in the next chapter. It involves a blanket sputter deposition of Pt,

an ion mill etch, an oxygen anneal, and a bottom contact sputter deposition, as is described

in more detail is Chapter&8 Sample B makes a slight change by introducingdatitional

oxygen anneal directly after growth with the idea that the Pt top layer my impede oxygen

diffusion, thereby not decreasimxygen vacang concentrationsiear the top interface.

Sample C only doethe oxygen anneal after growth, not after etching.
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of ~ 150 nm of Pt
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Figure 5.8 Schematic pathways for device fabrication of three BTO samples grown on
Nb-doped STO(001) substrates.
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Figure 5.9lotsthe Nyquist plots for these three samples. Sample A and Sample B
exhibit close to ideal capacitor behavior while, as can be seen more clearly in the inset,
Sample C does not. It becomes clear that the oxygen anneal is needed after ion mill etching,

otherwse a nomegligible conductivity is introduceid the BTO filmand the semicircle

behavior is seen in the Nyquist plot.
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Figure 5.9 Nyquist plot for Sample A, B, and C. Inset shows zoomed in plot at low real
and imaginary impedance.

Comparing Samplé& and Sample B allowsor the determiration ofif an initial
oxygen anneal is needémlowing the growth. Figure 5.16omparesbandtanialong the
fabrication process for both samples. Impedance spectroscopy measurements were taken
following the etch, e final anneal (which is the only anneal for Sample A), and the
Al/Ti/Au bottom contact deposition. Neither sample showed reprodudbleery
discernable dielectric signal prior to the bottom contact deposigoause iis difficult to
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make Ohmic cont with probes directly to Nb:ST@ample B howeverdid show a low
frequency static dielectric constant after the final anneal, but this signal quickly relaxed to
zero. It was only after the complete fabrication that the expected dielectric behavior was
seen for both samples, a relatively constarend tanli throughout the frequency range.
Comparing the two, only slight differences were seen. Sample A show more of an increase
in (bat low frequency which is most likely from space charge effects. It appears the lack
of an initial oxygen anneahn causecomplete oxygen vacancy filling, which is the usual
source of thsespace charge effext-ortani, slightly largervalues were also obtainéor

Sample A without the first oxygeanne& Although a slight increase in the dielectric
properties was found iBample B compared to Sample A, this change was not drastic

enough to be the source of the increasihgith film thicknessin the previous section

Sample A Sample B
600} (a O Etched L (b
(@ O  Annealed ()
500 4 2 Au Contact

400t
w300
200¢
100t

10°
102
10'f
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107§
107}

107
102 10° 10* 10° 10®° 107 10° 10° 10* 10° 10° 107
Frequency (Hz) Frequency (Hz)

Figure 5.1Q Dielectric constant{)éand loss tangent (t&nvs frequency for (a) and (c)
Sample A andh) and (d) Sample B, respectively. The discontinuity in the data arodnd 10
Hz is an artifact from the measurement.
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5.5 Outlook

It has become clear that doped STO does not maugableelectrode for BTGas
grown hereThis is most likely sommtrinsic effect similar to a dead layer effect between
the twq with an interfacial capacitance thatdominating the dielectric measurement.
fact, even growing a completein-situ grown capacitor with doped STO bottom and top
electrodes did not chge the resultsAlso, the band alignment of BTO and STO is not
ideal Figure 5.11aand films will most likely be leaky, as they wehnere even if this
interfacial effect was not presemecause of this leakage, no ferroelectric polarization
electric fidd (P-E) loops could be obtained for any samplée exact reason for the

undesirable BTENb:STO interface will be the focus of future work.
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Figure 5.11 (a) Simulated band alignment of BTO and Nb:STO. (a) Current vs voltage
for a 50 nm BTO film grown o Nb:STO compared to a single crystal.

However, aother solution for obtaining a proper dielectric measurement is to use
a different electrodeAs mentioned in the introduction, certain materials are better suited

for decreasing the dead layer effect wiueeating ferroelectric devices. The two most
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popular choices are Pt and SrRu®t has the superior electrostatic screening length, can
be grown epitaxially on STO, and, when done so, is closely lattice matched with BTO.
SrRu@, on the other handilso has good electrostatic screening due to a high ionic
polarizability, has the same perovskite crystal symmetry as BTO, can be used fer an all
oxide device, and is also closely lattice matcliEleloping new synthesis techniques for
the MBE growth 6 these electrodes, and therefore compleitelsitu-grown capacitors,

will be the focus of Chapter 8 and 9.
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Chapteré

6. Dielectric Response in BaSn&films

The dielectric response of epitaxial BaSfi®ns grown on Nbdoped SrTiQ(001)
substrates using a hybrid molecular beam epitaxy appmaststudiedMetatinsulator
metal capacitors were fabricated to obtain frequeayl temperaturdependent dielectric
constant and losS.he dead layer effeaid not play as large of a role as in the case of
BaTiOs due to the order of magnitude smaller dielectric constamispective of film
thickness, cation stoichiometry, and dislocation density, the dielectric constant obtained
from BaxSn.yOz films remainedlargely unchanged at %7 and were independent of
frequency and temperature. A loss tangent &f 2@° at 1 kHz <f < 100 kHz was obtained
for stoichiometric films, which increased significantly with pstnichiometry. Using
density functional theorgalculations these results are discussed in the context of point

defect complexes that can form during film synthesis.

This chapter was adapted from: William Nu#ibhinav Prakash, Arghya Bhowmik, Ryan
Haislmaier, Jin Yue, Juan Maria Garcia Lastra, and Bharat J&l@guencyand
temperaturaependent dielectric response in hybrid molecular beam egitaxyn
BaSnQ films. APL Mater 6, 066107(2018).

85



6.1 Introduction

BaSnQ (BSO) is a wide bandgap perovskite oxide, which has recently gained
considerable attention due to the discovery of a large room temperature
mobility 108:151.157,158,26206 \\/hen doped with La, BSO has been shown to have a mobility
of 320 cntV1s?tin bulk’®*2% and up to 183 cAV1stin thin films at remarkably high
carrier densities of the order of2@m=.1® The combination of high carrier density and
mobility makes doped BSO a promising candidate for transparent conducting oxides and
power electronic applicatiorf§’2%° Both electronic and optical properties of BSO can be
strongly affected by their dielectric behavior. However, despite the increasing amount of
work on the electronic and optical properties of BSO, there have been no reports on the
dielectric response of &0 in thin film form.A few reports of dielectric properties exist
and are measured using polycrystalline bulk sanf@$® For example a dielectric
constant of about 20 is reported for bulk BSO ceramics synthesized using solid state
ceramic method'® Most recent work reported a value of 45 using powder BSO saftples.
Theoretical calculations have also been carried out and have predicted a value of 22, which

is in good agreement with the experimébtak value?

Thin film geometry can offer additional advantages of tailoring dielectric constant
through strain engineering approaches. However, it also yields several challenges
associated with point defect control and strainxagianinduced dislocation formation.

The latter becomes a more severe problem for films that have large lattice mismatch with
substrates, as is commonly the case with BEE& 149157214 |arge deniy of threading

dislocations, 18-10'? cm?, is nominally found in BSO films grown on various substrates
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including STO (001§%8214215These dislocations are argued to be charged c&fiteYs%4

and, present in significant concentrations, can arguably influence polarization and thereby
dielectric constant of BSO in thin film geometry. Additionally, factors such as
film/electrode interfaces can influencielectric constant of BSO films. For instance,
thickness dependent dielectric constants have been commonly observed in ferroelectric
systems including (Ba,SNTiB y st em owing to an i R%¢rfacial
is, however, also argued that dead layer effect may ndiservable in films having a low

dielectric constar?®

Heret he di el ectric constant (Ud) and the
stoichiometric BSO filmsare studiedas a function of film thickness, frequency, and
temperature between 7300 K. Films grown under Baand Skdeficient conditions are
alsoexamined to investigate the role of cation stoichiometry on dielectric responses. These
results are then discussed using density functional theory (DFT) calculations revealing
important role of Ba, Sn, and O vacancies and related defect complexes otridielec

constant of BSO.
6.2 Growth, Fabrication, and Characterization

BSO films were grown on conducting 0.5 wt%-Nbped SrTiQ (001) substrates
using the hybrid MBE approach describeih Chapter 3 and in more detail
elsewheré?149.151 Stojchiometry was tailored by controlling Sn:Ba beam equivalent
pressures ratioS! The degree of nestoichiometry was estimated by correlating Sn:Ba

BEPs and the BSO owff-plane lattice parameters with the Rutherford Backscattering
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spectrometry results for BSO films grown on Sr3€} The MIM capacitor structures, as
illustrated schematically in the inset of Figu6el, were fabricated for dielectric
measurementas described in Chapter 318.is noted that agrown BSO films were
insulating suggesting no measurable oxygen vacancy defestever, filmswere still
annealed at 900°C for 1 hour in excess of oxygen to decrease possible contributions from

oxygen vacancies that may be introdudadng the ion milling process

HRXRD coupled2 & scans were taken on a Pana
diffractometer. Complex impedances were measured using an Agilent B1500A from 1 kHz
- 1 MHz with a peak oscillating electric field of about 20 kV/cmL#&keshore CPX/F
cryogenic probe station was used to perform temperdipendent impedance
measurements from 7300 K. A variety of defect states within a 2x2x2 supercell were

studied using DFT based simulations for formation energy and dielectric fesper
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Figure 6.1: HRXRD pattern for a 40 nm BSO film on Ndoped SrTiQ@ (001) substrate
after complete capacitor fabrication. Inset shows a schematic of the device structure.
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Figure 6.1 shows theHRXRD pattern of the film stack in a MIM capacitor
configuration consisting of 40 nm stoichiometric BS®/8ITO (001) and metal electrodes
after complete processing. A schematic of the capacitor structure is shown in the inset. The
HRXRD result shows phagaure, epitaxial, single crystalline BSO films obh:8TO(001).
Additional peaks corresponding to Pt (111) and Au (111) were also present indicating
crystalline and epitaxial (inZ-direction) metal electrodes. It is noted that cation
stoichiometry for BSO films were confirmed using adsorptiontrolled growth egime

offered by the hybrid MBE approaéft.
6.3 Effect of Stoichiometry

Figure6.2a andb.2b show the frequencf)( dependence of U6 and
for films with different compositions. Film thicknesses were kept betweet94tin. Fits
in Figure6.2 b f or t ani faere calculatedrora tomplax impefdance fits
using the equivalent circuit shown as an inset. Best fits were found using a constant phase
element (CPE for the film, which may act as an imperfect capacitor. The overall

impedanceX) of the circuit is therefore given by

~

G oY —  Ob (6.1)

where Rel and R; are the electrode and film resistance, respectivelys; f2Q is a
frequency independent constant, dnis the inductance of the equivalent circiitis a
parameter between 0 and 1 which gives the constant ph&g@0of°, whereU= 1 is a
perfect capacitor and = 0 is a pure resistor. Regardless of stoichioyetxcellent fits

were obtained using t hi0999cfurthec confitminganearly yi el c
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perfect capacitor behavior. An inductance
in good agreement with perovskite thin film capacitors aaslusually been attributed to

the electrode behaviéf!The frequency dependent value of
for all samples (see Figufe2a). A value of 14.8 + 0.5 was measured for stoichiometric

(Sn:Ba =1.00 + 0.02), and REeficient (1.15 + 0.02) films whereas a slightly higheueal

15.6 + 0.5, was obtained for Sleficient film (0.95 + 0.02). Stoichiometric films however

yi el ded muc h310%a 1% £0fin 1 kidn<di < 100lLkH& whereas much higher

tand was o0 b-stachiometdc filma trrespeotine of cation &tisiometry, all

three sampl es s howe>dl0kHz, Suggesting anoreset of dielectacn U f «

relaxation. A larger frequency range would be needed to confirm dielectric relaxation

processes in BSO films.
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Figure 6.2: Frequency dependence of # a n d U foristpichibneetic (40 nm), Sn
deficient (49 nm), and Bdeficient (47 nm) BSO films. Error to the RBS composition is
+0.02. Solid lines are fits using the schematic equivalent circuit as illustrated in the inse
incorporating electrode @ and film (R) resistance, film capacitance in terms of a
constant phase element (GPEnd inductance (L). Film thickness dependence off{c)
and (d) tad for stoichiometric and Baand Sndeficient films measured at 10HKk.
Dashed line is a guide to the eye. Error bars are of the size of symbols.
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The experimental results for thin BSO films have about a 25% lower dielectric
constant than the reported bulk value 6fi@ ceramic samples, and these values are
independent ofation stoichiometry. These findings raised questions on the possible roles
of di mensionality, threading dislocations
dielectric performance. To this end, a thickness series of nominally stoichiometric BSO
films were grownto determine how dielectric properties evolve with film thickngpss (

Figure 6.2c and6.2d shows U®6 and tani,f=rl@skpzfort i vely
stoichiometric films (red circle symbol). Results of-8eficient (green triangle symbol)

and Sndeficient (blue square symbol) samples are also shown on the same plots for
comparison. U6 was found to be relatively
with increasing film thicknessto avalue34D3. A si mi | ar Wiwdsseen or of
by Li et al???for SrTiOsf i | ms and was attributed to the
However, it i s notewort hytadoneanay dxpee fraenawa s n
dead layerThis behavioiis attributedto the low dieleaic constant of BSG?° Another

factor that may influence the dielectric loss is threading dislocation density in BSO films.

In prior work, it has beenshown that threading dislocation density decreases with
increasing thicknesses resulting in an increase of electron mdbilityis thus also
conceivable to attri but eftothbh threadibgsdslocatiend. b e h a
Future theoretical work should be directed to investigate role of dielectridaleacand

threading dislocations on dielectric loss.
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6.4 Temperature Dependence

Finally, the temperature dependence of dielectric constant and wass

investigated Figure6.3a and6.3 show Fdependent U& and tantu, re
at 100 kHzfron 72300 K for fil ms with different cat
was oObserved in this temperature range, k
temperatur e. With decreasing temperature,

sample folloved by a broad peak around 1005 K. A similar broad peak was observed
forBadef i ci ent films but tantu initial-ly dec
deficient fil ms, on the other hand, Sshowe:
reaching belowhat of stoichiometric film, and no obvious broad peak. While it is yet to

be established t he ihmaybeatsiouatocertringicfdefgri§®a k i n
including threading dislocations, residual oxygen vacafjesr phase transition in the

Nb:STO substrate. Intrinsic factors suchDebye dielectric loss can also result in a peak

i n ith terdperaturehut this behavior is usually operative at much higher frequencies
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Figure 6.3: Temperature dependence of @) a n d U (héayured a OO kHz for
stoichiometric (40 nm), Sdeficient (49 nm), and Bdeficient (47 nm) BSO films. Error
to the RBS composition is £0.02 and error bars are of the size of symbols.

6.5 Defect Simulation

To investigate an apparent tolerance of the dielectric constant to cation
stoichiometry, DFT simulations were used. The calculated dielectric constant for bulk,
defectfree BSO was 18.1 comprising of electronic and ionic contributiods/adnd 13.4
respectively. The calculated electronic contribution agrees wwth previous theoretical
work byBévillon et al,?**whereashe ionic contribution is smalleFhe discrepancy arises
from the difference in phonon frequency estimatedjoaljh Born chargesZ{xx of

+2.76/+.3743.34 for Ba/Sn/O ions) match with reported valtiésTo simulate defect
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structures in noistoichiometric filmsa subset of possible defects configurations including
cation and oxygen vacanciasd their defect complexes were considered. DFT yielded
formation energies of +0.71 eV fé& and+6.22 eV and +10.66 eV fab andw
respectivelyA possible defect complex in Steficient samplesonsisting of one> ,and

two 6 inthe 40 atom supercell showed a total vacancy formation energy of +3.88 eV when
these vacancies are next to each other,d.ep) -6 angle is 90°Likewise, for a Ba
deficient sample, a defect complex consistingppé @ and one6 vacancy requires
much lower formation energy+3.67 eV, when there is missing O atom insecond
coordination, 5.03 A from missing the Ba atom. &ifierent supercéconfigurations with

these vacancy complexes, DFT calculation revealed simaiges in the Born charge of
ions andvery small reduction ithe ionic contribution to the dielectric constant. Similarly,
the electronic contribution to the dielectric constamained largely unchanged, except in
the supercell with only an O vacancy, where it increases to 6.84 as compared to 4.74 in
defectfree BSOFurthermore, DFT calculations reveaBtbmalous Boroharge orsome

O atoms (Z%xof -5.5), Sn atoms (4% of +5.73) and Ba atoms (£fof +3.37) in asupercell

with only an O vacancy, leading substantiaionic contribution to dielectric response

(50.5) and théotal dielectric constant (57.4).
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Figure 6.4. (a) Atomic configuration ofdefectfree 2x2x2 BSO supercell.(b) Atomic
configuration showing probably defect complex formation wherd&&ient (Ba and O
vacancy) and Sdeficient (Sn and double O vacancy). (c) Table of formation energies from
DFT simulations for single defects and defect complexes.

In summarythe dielectric properties of BSO films grown by hybrid MB&ere
characterized The measured dielectric constant was 15 for stoichiometric films and
remained largely unchanged with stoichiometry, film thickness, frequency, and
temperature. Stoichi omet ¥103at rdom tempsratyé, lmul d e d
exhibited a brod peak between 10075 K. DFT simulations were used to investigate the
effect of possible point defects/defect complexes on the dielectric constant and was found
to be consistent witthe experimental results. Furetheoretical work should however be

directed to investigate the specific contribution of different defects on dielectric loss

behavior.
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Chapter7

7. BaTiO31T BaSnQs Alloy System

Ferroelectric materials with large polarizations and piezoelectric responses have
been increasingly sought after for use in a variety of devices such as capacitarsrand
electromechanical systems (MEM&vices like certain sensors and actuat®rs’ Of
these, unfortunately, most leading ferroelectrics contain the toxic elementteads
described in more detail in the introductidine BaTiQ-BaSnQ alloy system, or BaTi
xSnOs, has been looked at as a replacement for-bemed ferroelectrics like lead
zirconatetitanate due to the enhanced ferroelectric@ndoelectricesponsestaroundx

=0.11, where a quasjuadruple poinand morphotropic phase boundarmesst.

This chapter was adapted from a yet to be published Witkam Nunn, Abinash Kumar,
ShukaiYu, Venkatraman Gopalan, James LeBeau, and Bharat JalarFilm Growth of
Snmodified BaTiQ with Enhanced Polarizatiof2021)
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Although most studies on BTSO have been done in ceramics, a few reports of thin
film growth do exist. These include by spél method$?222° sputtering?>®2*3 and
PLD.?3*235Determining if the giant increase in the ferroeleategponsean be transferred
to film growth has yet to be determined. Growing materials low in defects and with great
control over the composition will be key for achieving these properties and understanding
this system in films. Molecular beam epitaxy excels at this ard,for the firsttime, will
be used fothe complete BTSO systegrowth from BaTiGQ (BTO, x = 0) to BaSn®@
(BSO,x = 1). The hybrid MBE technique is used, which hagady beeshownin this

thesis work to be capable gfowing the two end members in a higjuality manner

7.1 Composition Control

BTSO films were grown omndopedSTO substrates by varying thesie flux
ratio of TTIP to HMDT, from 100% TTIP for the first end member B3 (0) to 100%
HMDT for the second end mdryar BSO X = 1), while holding the Asite flux of elemental
metal Ba constant. Individual fluxes were measured prior to growtBB®.aBecause the
individual B-site fluxes required for BTO or BSO growth were not the same, BEP(TTIP)
= 1.1x 10° Torr andBEP(HMDT) = 2.7x 10° Torr, respectively, fluxes were increased
or decreased as a percentage of their individual total. In the end, the desired amount of Sn

compared to Ti incorporatiox)(was estimategrior to growthusingEquation7.1.

w600 (7.1)

The HRXRD patterns around the (002) film and substrate peaks fonm4ilms

grown fromx = 0 tox = 1, bottom to top, are shown in Figutéa.Thec-axis of BTO, the
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expected oubf-plane orientation, has a smaller lattice parameter (44)3mpared to

the cubic lattice parameter of BSO (4.1AF As a result of this difference and was

expecteda
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expansion, not only signified the incorporation of Sn, but also that Sn is most likely

substituing into the Bsite. At the Bsite, SH* has a larger atomic radius thar'Ti

indicating an expansion of the lattideSn were to go intdhe A-site, SR* would have a

smaller atomic radius than Baindicating the opposite. The incorporation of Sn &sd

4+ oxidation state was later confirmed after growth u¥iR& andSTEM.
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Figure 7.1. (a) High resolution Xay diffraction patterns of ~34nm BaTw.xSrOs films

on SrTiQ (001). (b) Atomic percentage of Sx) determined by XPS plotted against the

atomic percentagestimatedrom BEP ratio. (c) Oubf-plane lattice parameterqfa and

(d) FWHM of film (002) rocking curve. Solid line in (c) is the expectgfar om Vegar doé

law.
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The simple relation in equatioh turned out to be a good estimation of the Sn
incorporation as evidenced by XPS measurements taken after growth. The amount of Sn
in the films was measured, albeit just from the surface, using XPS and is plotted against
the estimated from BEP measuremé&n(Equation7.1) in Figure7.1b. A close to ongo-
one relationship was found between the two, which is a positive from a synthesis aspect as
the amount of Sn can be reliably predicted from the growth conditicstsould be noted
that the sample with éhsmallest amount of Sk £ 0.09) did not show a Sn signal from
XPS. However, evidenced by the expansion of the lattice parameter, Sn was incorporated
into the film and this wslater confirmed by TEM. Because there was Sn present in this
film, the referred to composition, x, throughout this report is based on the BEP
measurements and not from XPS. There is error in tredses from both methodBEP
being from an indirect measurement as well adrtherent error from XPS, but the ene

to-one relation irFigure?7.1b gives confidence to these values.

Taking the peak intensity position from each fibw, wascalculated ands shown
in Figure7.1c. As Sn incorporation increasetd, increased from the bulk BTO value to
close to the bul k BSO v a%the larges disprepandyifart e d b
the BSO x = 1) film has previously been shown to be due to residual strain remaining in
the fim!**Fol | owi ng Vegardods | aw between BTO an

being substituted for Titahe Bsite.

While aop was taken from the peak intensity position, the (002) film peaks were, in
all cases except = 0 and 1, asymmetric. As Sn incorporation increaseddid the

asymmetryup tox = 0.48where itthen begnto return to anoresymmetricshape The

99



asymmetry indicates there is a range of lattice parameters in these alloyed films. The same
trend was also observed tine FWHM of the film (002) rocking curves, seen in Figure
7.1d. Together, these trends signifigreased disordenithe film as the Sn concentration
increases, up to a point where it sharply returns to a less defective structure with a FWHM
similar to that of BSOThe disorder may signify the increasing presence of multiple phases

or complicated domain structures itwiag polar nanoregions (PNR) Sn is added to the

structure This will be discussed based on SHG and STEM results in the following sections.
7.2 Symmetry and Polarization

While the hybrid MBE synthesitechnique used here gageeat control over the
Sn to Ticompositionjt became clear that understanding the arrangement of Sn and Ti and
the evolution of the resulting structure and symmetry required further an&@gsishas
the prototypical cube perovskite crystal structi®eom, but, after alloying with BD
which is tetragonamm it should be expected that a change in symmetry occurs with the
change in structure observed by HRXRDn determine the crystal symmetry, optical
second harmonic generation (SHG) polarimetry wiized, a schematic of which is

shown in Figure 7.2%7
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beam, w

Figure 7.2.Schematic representation of SHt@asurementncident beam of frequenay
interacts with a sample and combites collected signah?, after residual incident signal
is filtered out. The collected signal intensity along the two directinsandO© , can be
fit to determinelte crystal symmetry.

SHG relies on nonlinear optical phenomena where two photons, at a wave
frequencyy, combine after interacting with a material into a single, collected photon of
frequency 2. In SHG thecollected signgl’'®O and'O , will only be seen if the material
measured has no inversion symmetry, or is-cemtrosymmetricTherefore, from this
measurement techniguée cubic centrosymmetric BSO sample,1, should not have an
SHG signal, which was the case in the measurements hefactImo signal could be
collected until thex = 0.48 sampleThis result signifies that a large amount of Ti can be
substituted into BSO, at least untd = 0.69, and the symmetry will remain

centrosymmetric.
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decreasing Sn

BaTip 5,5n 4504 BaTiy ggSn; 4,05 BaTij g4Sn 1505 BaTip 915N, 1505

o R — Rfit oR  — Pofit

Figure 7.3. SHG polar plots for BTSO films, decreasing Sn incorporation from left to right.
The point group obtained from each individual fitting is found in the top right of the plot.
No signal wa seen fox = 1 and 0.69.

As the amount of Sn was decreased furtheiISHG signal, albeit a small one, was
first seen ak = 0.48andthenfor all other samples with small@r Polar plots and their
fittings for all Samodified samplesvhich showed sigal are shown in Figure 3. The
symmetry change can be seen from the point group obtained from the fittings, a change
from Pmom to m and finally to 4nm With small amounts of Sn, up xo= 0.16 here, the
tetragonal structure of BTO remains, which is a promising result for the enhanced
ferroelectric properties of BTO. dticeably, this result differffom bulk ceramic reports
where a shift from tetragonal to orthorhombic at room temperatuers atx & 0.04.58
This indicateghe stabiliationof the highettemperature phase when in thin film foram,

effect most likely imparted by the substrate.

Temperatureependent SH@-igure 74ai 7.4d) and HRXRD(Figure 74ei 7.4h)

measurments wergéhenperformedo see if anghanges in crystal symmetry or golyase
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transition could beleterminedFirst, from SHG all samplesexhibited a decrease in the

SHG signal with increasing temperature, meaning theydawelopingtheir inversion
symmetry. This is a common result in ferroelectrics and relaxor ferroeleériexample

BTO transitioning to a cubic structure at ~ 120Broad peak in SHG were seen upon
heating in the two samples with the least Sn and could signify a phase trahkta@ver,

thisis difficult to determine based solely on SHG as many phenomena could cause this, for

example changes in domain formation.

Instead, a better method is to track the changg,inith temperaturertbmHRXRD
scansFrom these measuremerds, increases linearly with large amounts of $00.32
for the temperature range measured h@igure 74e and 74f). However, as Sn is
decreased further, a ndinear change iaop occurred and resembled what is typically seen
for a phase transition in these B¥@sed materials. From the local minimum at higher
temperature] of 320°C and 340°@vas obtainedor x = 0.16 and 0.09, respectively. The
increase inl with decreasing Sn does follow the usual trend of BSTO, but because data
points were taken only every 20°C, these most likely justvithin error of each other.
Finally, with regards tdahe broad peaks sean$HG the change imop did not match with
temperaturalependenSHG intensity therefore indicating the peak in the SHG results

were rot directly caused by phase transition.
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Figure 7.4. Temperature dependentdh SHG intensity upon heating and then cooling to
400°C and (éh) aop upon heating obtained from HRXRD. Error bars foragl are the
same but only displayed for the first data point.

SHGalsoallowsfor an estimation of the @vall polarization of a material based on
the collected intensity, as the square root of SHG intensity is proportional to the
polarization.When alloying from BSO to BTO, the polarization should increase and this
was the case here, shown in Figurg A maximum in polarization was seenxat 0.09,
close to the expected maximum based on ceramic rexut®.(11)>® For future work,
effort should be given to finer composition control around this point, to determine exactly

where the maximum polarization is achieved.
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Figure 75. Roomtemperaturecuare root of the SH@tensity, which is proportional to

polarization, plotted against the Sn to Ti ratipafter heating to 400°C and then cooling

Point groups are noted for samples in each respective region. The boundaries are not exact.
It should also be noted that SHG and temperature dependent HRXRD was

performed on th8TO x = 0 sample. However, from the TEM resufsgure 76), which

will be described further for other samples, it was discovered that th@ sample was

non-stoichiometric. BaO rockalt structure was seen in TEM, indicating arig film.

For this reason, compag SHG signas from this sample would not be feasible as the-non

stoichiometrynegativelyimpacs the phase transition as well as tbeerall ferroelectric

andSHG response. Other samples measured in TEM did not show theswiobiiometric

related phases or defects.
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Figure 7.6. (a) CrosssectionaHAADF-STEM image of th&TO (x = 0) sample viewed
along the [100] zone axigb) Atomic resolution imag®f sdect region highlighting the
rock salt structure, signifying a natoichiometric material.

7.3 Local Disorder

SHG isarelatively macroscopic technique, able to probe a large area of a sample
(~ 28em spot size)As anexampleof the impact of thiswhile the symmetry results from
compositionx = 0.32 and 0.48 were monoclinic, this is only the highest symmetry able to
be assigned on this macroscopic lexal observed from thesymmetry and the increasing
FWHM from theHRXRD results, the structure and symmyetdf these films are most likely
too complicated to be assigned to one single point giitmpxamine the structure of these
films on a more local level and determine exactly how the Sn to Ti ratio affects the structure

and symmetrySTEM was employed.

STEM results for two samples will be discussed .09, the composition which
showed the maximum in polarization andx2) 0.48, the composition which showed the
maximum disorder as evidenced by the FWHM. To first determine how the Sn and Ti

dispersed throughout the filmpergy-dispersive xray spectroscopy (EX) was used and
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the results are shown in Figur&.7An accumuation of Snwas observeth different areas

for both samples. At = 0.09, up to about 8 nm from the filsubstrate interface, a band

of Sn accumulation occurred and was accompanied by a lack of Ti. This would explain
why no Sn signalvas seemn XPS but §ll an expansion iraop, as a large majority of the

Sn was located below the surface near the interf&@h. much more Sn incorporatipr

= 0.48,a band was not seen but Sn accumulation did occur in small groupings near the
interface, around misfit digtations.Sn may havediffused and accrué near these

dislocation centeri they are favorably Ti rich, but thisill the focus of future studies.

(@) x=0.09
Ba

Figure 7.7. HADDF-STEM image an&TEM-EDX mapping of Ba, Sn, and Ti for (&F
0.09 and (bx = 0.48.

Atomic resolution images were then takEigure 78, and ordezdatomic columns
could be seen in both cases, with no evidence ofstminhiometrierelated defects or
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phases like in the= 0 sample discussed earlibfisfit dislocations were present along the
interfaces as a result of strain relaxation, unsurprissigpah films have considerably
larger lattice parameters than the substrate, $Jpto a few nanometers away from the

interface, significant disordeiisted due to the increase Sn accumulation and dislocations.

To get an idea of how the bulk of the fdrbnehaved, projected displacement maps
were formedaway from the disordered interfaces avased on the displacement from
center of the cations (Bj Ti**, and Sf") relative to the anions @, shown in Figures
7.7b and 7.7f fox = 0.09 and 0.48, respively. At x = 0.09, longrange polarization
existed with the majority oriented eat-plane in the [001] directiorHowever,PNRs
clusters of random polarization directiomgere present These regionkave been shown
in other material systems, espelgiatelaxor ferroelectrics, to increase dielectric and
piezoelectric respongé® agreeing well with the increased polarization based l96.S
Multiple polarization domains were also imaged, witli 88d 180 domain walls easily
visible on the displacement map.the case of higher Sn concentrations,a0.48 much
more disorder waseerandlong-rangepolarization diminifed. The material began to look

more like a relaxor ferroettric, agreeing with heighteniraf disorder from HRXRD.
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Figure 7.8. HAADF-STEM imags of the film-substrate interface f¢a) x = 0.09 ande)

x = 0.48.Arrows markexample ofdisordered regions due to misfit dislocation formation.
Purple and black dashed lines sigrifjdRsand domain walls, respectivelighlighted
area is the region of the (b) ari§l grojected displacement (polarization) maps, away from
the film-substrée interfaceHistograms of the owf-plane and irplane components of the
projected displacement are given in (c) and (d)xfer0.09 and (h) and (i) fox = 0.48,
respectively.

As a comparison between the two samples, and to try to compare to thre SHS

for relative polarization, histograms of the atomic displacements were made and split into
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an outof-plane and ifplane component, Figure8/.Consistent with the SHG results,
increased displacement, or polarizationj-of-planewas discovered ix = 0.09, with
about X as large of values (SHG % thcrease)Additionally, the displacement was largely
out-of-plane with a very small #plane component, which is favorable for creating thin

film capacitors or most other related devices.

In conclusion, BSTO films were grown to complete the alloy system from BaTiO
to BaSnQ using the hybrid MBE technique. Film lattice parameters were found to agree
well with Vegardos | aw and the composition
solelyon the Sn to Ti metadrganic precursor fluxes. SHG was used to determine overall
crystal symmetry and relative polarization. Starting with BSO, a centrosymmetric cubic
structure, a transition to a monoclinic and then tetragonal structure occurred @s Sn w
decreased. This trend was also accompanied by an increase in polarization, as estimated by
the SHG collected intensity, with a maximumxat 0.09 which agresewell with bulk
ceramic reports. Finallfrom STEM results, long range polarization was aonéd in the
x = 0.09 sample with an owtf-plane cation to anion displacemenmnttbat ofx = 0.48, the

sample which showed the most structural disorder.

Future efforts should be given to understanding the migration of Sn as it relates to
defects, such aaccumulation near interfaces and dislocations. Confirming the increase in
polarization towardsx = 0.09 by fabricating a proper MIM capacitor will also be

fundamental to understanding the impact of Sn.
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Chapter8

8. Solid Source MetalOrganic Molecular Beam Epitaxy

Advances irphysical vapor depositiaiechniquedave led to a myriad of quantum
materials and technological breakthroughs affecting all areas of nanoscience and
nanotechnology which rely on the innovation in synthesis. Despite this, on¢hatea
remains challenging the synthesiof atomicallyprecisecomplex metal oxidéhin films
and heterostructuresontainingii s t u b b o r n that aad retmomlgnorstrivial to
evaporate/sublimate but albardto oxidize For example, being able teposit Pt or
SrRuQ in a simpler, more cosdffective, and safer way would be advantageous for the
growth ofin-situ electrodes for ferroelectric heterostructyEshas been discusseltre
a simple yet atomicalhcontrolled novel synthesisapproachthat bridges this gajs

presented

This chapter was adapted from a yet to be published Wdgthkam Nunn, Anusha Kamath
Manjeshwar, Jin Yue, Anil Rajapitamahuni, Tristan K. Truttmann and Bharat Baleel
Synt hesi s Approach WMetal Oxid&PracbNath AcadoSclibéde a | s
published Augus?021)
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Using platinum and ruthenium as exampliesth the challenges ofow vapor
pressure andlifficulty in oxidizing a stubborn elemerdre addressed bwysing a solid
metatorganic compound with significantly higher vapor pressumad with the added
benefits of being in a prexidized oxidation statalong with excellent thermal and air
stability. Synthesisof highly perfectsingle crystalline epitaxial Pt and Ru@ films is
demonstratediesulting in a recorthigh residual resistivity ratio (RRR = 27) in Pt films
and low residual resistivitpf ~ 6 € g L énnRuQ, films. Further, using STRuQ as an
example the viability of this approach fanore complexnaterialsis denonstratedwith
the same easd control that has been largely responsible for the success of the molecular

beam epitaxyf Il -V semiconductors.

This approachis a major step forward in the synthesis sciencéiaft ubbor no
materials whicthavebeen of significant interesd thematerials science and the condensed
matter physics communitAtomically precisecomplex oxidesgontainingthese iements
such asruthenium, iridium, and platinumamong othershold tremendouspromise as
designer quantum materials for exploring novel electronic, magaetieyconductingand
topological phases owing to their strong spibit interactionThe studies described here
showthis novel method to synthesize such materials by eliminating the major synthesis
bottleneckdiscussedThese results provide significant insights to researchers seeking to
synthesize defeghanagedhin films and interfaces with atomic layer control. §ktudy
serves aofc amn diggptom fal th of ®tj Ru@ and $rRu@ thio films by
supplying Pt and Ru precursors &&°G100°C in a lowtemperature effusion cell as

opposed to the several thousand °C needed using elbetaom evaporator®) abulk-like
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room temperature resistivity, and 3) ultimatehpvel pathways to creating atomically

precise quantum structures.
81 Challenges with AStubborno Met al s

Improvements in thin film deposition processes have broadly impacted many
technology innovations and breakthrou§h&°not only by shaping the current electronics
industry, but by also extensively affectimgeas such as optics, solar cells, coatings,
biomedical devices, and aerospace engineering. Developing synthesis techniques for
material improvement is driven in part by the desire to achieve intrinsic properties in thin
films, a challenge that has andntioues to motivate materials scientists and physicists.
However, as deposition processes have advanced, many new phenomena have been
discovered due to the increased control over chemistry, structure, and defects. For example,
it was the ability to grow heterostructure with an interface very low in defects that led to
the discovery of the integer and fractional quantum Hall effect (1985 and 1998 Physics
Novel Prize)® Similarly, exotic new phases such as -@Bctron gases and
superconductivity have been made poss as a result of being able to grow
heterostructures with these high quality interf&¢&&2 Control over structure and defects
has also led to ever improving properties sashelectron mobilitie¥*® in some cases
surpassing those of the bulk material it$&fFinally, the additional advantage of epitaxial
strain has allowed for an enhancement or emergence ofncertderial properties e.g.

ferroelectricity*®*®and superconductivit§f®246
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Advancements in deposition technigukke MBE and other PVD approaches,
haverecentlylargely relied on process optimization and improvements in vacuut?féve
Many materials have still proven challenging to grow, especially when they contain metals
with ultralow vapor pressures which therefore require extremely high temperatures to

evaporate or sublime.

Figure 8.1a shows the vapor pressures of a few commosdyl metafd® as well
as the typical vapor pressure range used in MBE growth,i 1002 Torr. While, for
example, effusion cells are suitable for the sublimation of Sr and Ba, commonlinused
various complex oxides, or evaporation of Al and Ga, used in GaAs/AlGaAs
heterostructures, their use for refractory and noble metals such as Pt, Ru, Ir, and W can
prove difficult or even impossible. To overcome this problem, most turn to electron beam
evaporation which is capable of heating a material to much higher temperatures than an
effusion cell. Although this allows for sufficient vapor pressure, difficulties can arise with
maintaining a constant flux due to the extremely localized heating antb caatential
safety issues. Synthesizing thin films of complex materials can therefore become
problematic as controlling the relative fluxes of the precursor materials is key to
stoichiometry control. Feedback control can be used to maintain the fluthidbotn be
complicated and add to the already large cost and complexity of electron beam

evaporators®?
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Figure 8.1. (a) Vapor pressurg®vap) for a variety of commonly used metals in thin film
deposition processePashed lines are linear extrapolatiorfp) Vapor pressure of
Pt(acac) and Ru(acag)compared to commonly used metaganics and metals in MBE

Other problems can occur in PVD when growth is complicated with the addition of
gases such as oxygen for gymthesis of oxide materials. Many metals have problems with
source oxidation or low oxidation potentials, such as Ti and Sn, respectively. For MBE, a
modification of the conventional technique, known as hybrid or roeteinic MBE
(MOMBE), has successfyllovercome some of these issues by using roetgnic
precursors for a few of the metals in question. These techniques utilize volatile metal
organic compounds, containing the desired metal, injected into the vacuum system through
an external gas inlet siem. Although metabrganic precursors have been found to address
the issues of low vapor pressures, oxidation of source materials, and low oxidation

potentials for metals like Ff Sn**® and V/**® it has been notrivial to find suitable

precursors for other metals.
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8.2 Solid Source MetalOrganic Molecular BeamEpitaxy Approach

To this end, a new techniqiras been developed and will be described fare
supplying metallic elments for the growth of metats metatcontaining materials iRVD
processes, specifically targeting ultoav vapor pressure elementddetalorganic
compounds can be designed to supply these elements, partially or completely oxidized to
the desired oxidation state and with additional oxygen bonded to the metallic center by the
choice of suitable ligands. Specifically, if this metafjanc compound is a solid and air
stable, it can be sublimeéd an effusion cell at a relatively low temperaturkis technique
shows thatt is possible to deliver the desired metal for growthhigh-quality single
crystalline filmsand without the risk obxidizing elemental sources and components of
the vacuum chambeAlthough similar to hybridMBE, which also use metatorganic
precursors, this technique differs in an important way. In hyRMBE, precursors are
usually evaporated as a liquid with a kargapor pressure of ~10orr at operating
temperature. To achieve this, the precursor must be placed in a bubbler outside the vacuum
chamberBy using a precursor which is solid and has an intermediate vapor pressure, the
compoundcan be placeéh a convenional low-temperatureeffusion celldirectly in the
vacuum chamberrespective of the background pressure. This technique thus solves the
problem of it being difficult to find metadrganic compounds for hybrid MBE which
requires high vapor pressures ammhsequently liquid compounds in all reports thus far.
For this reasorthis techniquewill be referred toassolid-sourceMOMBE. This process
also differs from some solid source meatayjanic chemical vapor deposition
technique¥®° because with the precursor placed directly in the vacuum system, no
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carrier ga is needed so a large mean free path is retained for growth when the background

pressure is low.

As a demonstration of thgotentialof this synthesis technique for the growth of
ultraclow vapor pressure metals and metal containing oxides, a varietytefiasvere
grownincluding the simple metal Pt, binary oxide Ru@nd complex oxide SrRu@sing
the metalorganic precursorplatinum(ll) acetylacetonate, Pt(acaa@nd ruthenium(lll)
acetylacetonate, Ru(acadpt films have been useful ekectrodes for dielectric materials
due to its high work function and recent interest has also incthdestudy of the spin Hall
effect where films low in defects are desifétRuQ; has been studied for its low resistivity
and high chemical a@h thermal stability for applications such as electrodes in
supercapacitor&? catalysts in reactions like the oxygen evolutiorctiea,?>3and recently
for the discovery of superconductivity when straif®dFinally, STRuQ has been a
material of significant interest due to its itinerant ferromagnetism, presence of the
anomalous Hall effect, and for its use as electrodes in oxide electtefriibss work opens
up a new method for tackling the highly rewarding problem of stabilizing challenging

metals like these for further use and study of these exciting phenomena and applications.

The metalorganicsPt(acad, andRu(acacj were identified as suitable precursors
due to their vapor pressures falling in the desired range at low temperatures, about 10
Torr at 100 C.2°In fact, filmswere grownherewith source temperatures ofly 65 C -
85 C for Pt and 10QC for RuQ. Figure 8.1b shows the vapor pressure of Pt(agar)d
Ru(acacd compared to metallic elements Ba and Sr and volatile roegahics

vanadiungV) oxytriisopropoxide (VTIP), TTIP, HMDT, commonly used in MBE.
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Pt(acac) and Ru(acag)are also solids at these temperatures, with a melting point of
240 C®%and 260C,%’ respectively, which is important for its ease of use in an effusion
cell. Pt(acac) and Ru(acag)are alsothermally stable until about 210 and 230C,2*°
respectively indicating thermal decompositioboes not occur at typical growth
temperaturesThese precursors additionally come bonded with oxygen in the ligands,
which can act as an additional source of oxygen for growth of oxtileslly, Pt(acac)

ard Ru(acacg) are alsmontoxic, removing some safety concerns that can come with the
use of organometallicrpcursors like HMDTin hybrid MBE growth of Srcontaining
compounds?® Table 8.1 summarizes some of these important factors that must be
considered for PVD techniques and compares this approashgam assisted MBE and

hybrid MBE techniques.

Table 8.1.Factors which are critical to consider in physical vapor deposition techniques.

Factors Critical ElectrorBeam Hybrid Solid Source
to PVD Assisted MBE MBE MOMBE
Vapor pressure Ultra-low High Intermediate
Source state Solid Liquid Solid
Oxygen in source No Yes Yes
Preoxidized source  No Yes Yes

Source air stability Yes Yes Yes
Complexity High Moderate Low
Delivery Method Electrorbeam External gas inlet Effusion cell
Safety High voltages Can be toxic No concern
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A schematic of the techniqusetupis shown in Figre 8.2 involving a low
temperature effusion celibr the metalorganic oxygen plasma (needed for (0@tystal
orientation control irP?°9), and an additionalonventionakffusion cell forexpansion to

more complex materialsuch as using Sr for the SrRugdown here

\ gt W g
e ® ‘ot
Oxygen W Pt(acac),

Plasma S /Ru(acac),
%, <100 °C

Figure 8.2. Schematic of soliource metabrganic MBE technique.

An effusion cell (EScience, Inc., US\vas used for the lomemperature, 6% -
85 C, sublimation of Pt(acag)97%, MilliporeSigma, US)and 100C sublimation of
Ru(acaq (97% for RuQ and SrRu@®@ MilliporeSigma, USand 99.99% for Rug)
American Elements, US Sr was also supplied by aifusion cell for the growth of
SrRu@. The powder precurssfvereplaced directly in a pyrolytic boron nitride (PBN)
crucible (EScience, Inc., US) insidan effusion cell A BEP of 2 x 107 Torr was
measuredor Pt at 65 °C and ~% 10’ Torr for Ru at100 C. Both materials wergrown
in an oxygen environment as it has been shown necessary for the stabilizate (00flth

epitaxial orientatiofr® in Pt and to ensure complete oxidation of Rudd SrRu@.
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Oxygen was supplied apaessure of 5 x 10Torr by aradio-frequency (RFplasma source
(Mantis, UK) operated at 250 W and with charge deflection plRtd#ms were grown on
SrTiOsz (001) and Nbdoped SrTiQ@ (001) singlecrystal substratg€rystec GmbH)RuG
films were grom on TiQ (110) and TiQ (101) (MTI Corporation, US). SrRuGilms
were grown on SrTi@(001) (Shinkosha, Japarhe substrate surfaces were cleaned for
20 - 30 minutes in oxygen plasma prior to growslobstrate temperatures wefé0 C for

Pt, 300C for RuG, and 665C for SrRuQ. Following growth, the films wereooledin an

oxygenplasmaenvironment

Temperaturelependent fouterminal resistivity measurements were performed
down to 1.8 Kusing indium as aahmic contactor Pt and aluminum for RuandSrRuQ
in a DynaCool Physical Propeyt Measurement SystenQ(antum Design, US Hall
measurements were performed using a-fpuadrant sweep of magnetic field betwe@n
T and +9 T normal to the film surface in the DynaCool PPMS. Temperature andtimagne
field-dependent magnetization measurements were performed with a magnetic field
applied along the uplane [001] azimuth of the SrTiCsubstrate using the Vibrating
Sample Magnetometry (VSM) option in an EverCool Physical Property Measurement
System (@antum Design, USBtructural characterization techniques used are described

in more detail in Chapter 3.
8.3 Platinum Growth

Pt films were grown on SrTi(001) substrates using a Pt(aeaspurce

temperature of only 65°Clhe lowtemperature sublimation led to films with structural
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characteristics very similar to previous reports of Pt films grown on SFFE! Single

plainum (002) peaks were present in the HRXRD, as seen in down to 520°C showing
phase pure films with an epitaxial (001) orientation parallel to the substrate surface.
Thickness fringes on the (002) peaks were present at higher substrate temperatures and
gawe thicknesses of 9 to 16 nm, linearly increasing from 760°C to 930°C cioe four

growth, seen in Figure 8a.

Figure 8.3. (a) HRXRD of Pt films on SrTi®(001) substrates with increasing substrate
temperature from bottom to top. (b), (d), () RHEED and (c), (e), (g) AFM of substrate
temperatures 930°C, 760°C, and 630°C, respectively.

Although the HRXRD in Fjure 83a suggested single crystalline filmghe
microstructure of the films visualized by AFM proved otherwise. Atomically smooth

islands were seen with a decreasing island size as the substrate temperature was decreased.
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