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The dielectric permittivity, dielectric quality factdimverse dielectric logsand lattice parameter of

140 nm sputtered SrTiOfilms were dependent on the oxygen partial pressure and total chamber
pressure (Q+ Ar) during film growth. Films were grown at 25 and 75 mTdmT) in an oxygen

rich and oxygen deficient sputtering gas environment concurrentlyl66) SrTiO; and (111)
Pt(0001) Al,O; substrates. Films were deposited on platinized sapphire for electrical
characterization and the homoepitaxial films were used as a structural and chemical standard. High
resolution triple axis x-ray diffraction results showed an increase in mismatch between the film and
substrate(200 peak in homoepitaxial SrTiQfilms with higher total growth and lower oxygen
pressures. Dielectric quality factors of the SrTifdms on platinized sapphire at 1 MHz for the 25

mT (50 sccm Ar/50 sccm &), 25 mT (90 sccm Ar/10 sccm §), 75 mT(50 sccm Ar/50 sccm §),

and 75 mT(90 sccm Ar/10 sccm §) film growths were 320, 251, 209, and 102, respectively;
likewise, the dielectric constants follow as 241, 230, 220, and 170, respectively. Improved film
dielectric properties were observed for films closer to stoichiometric SrTi@ 2003 American
Institute of Physics.[DOI: 10.1063/1.1598274

INTRODUCTION quality factor and simplified structural characterization be-
cause of the possibility of homoepitaxial growth on SrJiO

SITiG; thin films have been widely studied for their high substrates. Recently we investigated the role of thermal

dielectric constants and potential application as the chargstrain on the dielectric constants a,S)TiO5 thin films

storage material in high density dynamic random accesand saw a reduction in dielectric permittivity with an in-

memories(DRAMs).! SITiO; is also an incipient ferroelec- crease in thermal tensile strdifn this article we investigate

tric that has low dielectric loss and large dielectric nonlinearthe impact of nonstoichiometry on the dielectric properties of

ity at cryogenic temperatures. This makes it an ideal candiSrTiO; thin films.

date for tunable microwave devices with high temperature

superconductors. The dielectric permittivity of SrEi@hin EXPERIMENTAL PROCEDURE

films is significantly smaller than the bulk form. Various rea-

sons have been proposed for the difference in dielectric con-

stant including dead-layer effects, interfacial reactions, an

: 3
film stress: two 3 in. SrTiQ; targets(99.99% purity at a power density

(Ba,SbT|O_3 thin films are curren.tly of great mtere;t be- .of 21.25 W/in?. Sources in the growth chamber were 30° off

cause of their room temperature field-dependent dielectric .~ . .

. o . . 4. axis with a 4.25 in. source to substrate distance. Each sample

constant and possible application in microwave circhiits. had a 500 nm backside titanium laver deposited by electron
SrTiO; and(Ba,S)TiOg thin films have the potential to com- y P y

. . . . beam evaporation for heat absorption. Acetone/isopropanol
pete with GaAs-based Schottky d|OQes N Microwave vars, 4 trichloroethane/acetone/isopropanol were used to clean
actor technology;therefore, a highly insulating substrate is

th hi TiCsubstrat tively, foll
required for reduced losses. For our work, sapphire was ch e sapphire and SrTiBubstrates, respectively, followed by

. . % 10 min bake at 115 °C. Growth as was carried out either at
sen because it is a large area, low cost substrate with a loﬁ/

| h d . hire i 5 or 75 mT at 700°C surface temperature with varying
oss tangent. Furthermore, Pt deposition on sapphire is we xygen and argon pressures by changing their respective

develoged and Iess_ challenging than Pt int_egrati_on Wm?low rates. Films grown of0001) sapphire were analyzed by
Although SrTIG; does not have large dielectric tun- g herford backscattering spectrosca®BS) to determine

SrTiO; thin films were grown concurrently 01100
rTi0;, (000) Al,O5, and platinized(0001) Al,O5; sub-
states. Films were deposited by rf magnetron sputtering from

silicon.
ability at room temperature, it does have a large dielectriG,qir thickness and composition.

Parallel plate capacitors were fabricated on the
dElectronic mail: speck@mrl.ucsb.edu SrTiO;/Pt/AlL,O5 samples by a two-step mask process. An
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TABLE I. Sputtering conditions and SrTisurface roughness.

Roughness
Pressure Ar flow 0, flow Growth rate (rms)
(mTorr) (sccm (sccm ( A/min) A)
25 90 10 15 3.01
25 50 50 12 5.00
75 90 10 9 24.2
75 50 50 7 27.6

etch mask defined the active dielectric area, and the 100 nm
thick Pt top contacts were patterned by a lift-off process. Pt
top contacts were deposited by electron beam evaporation at
room temperature. The 100 nm thick Pt bottom electrode was
deposited by rf magnetron sputteringrfraa 3 in. Pt target.
Sputtering was done at 25 mTdd00 sccm Ay and a 600 °C
surface temperature. Prior to electrical measurements an an-
neal was done at 600 °C in flowing oxyg€fb sccm Q) at (a)
atmospheric pressure. An Agilent 4294A variable frequency
(40-110 MH2z impedance analyzer was used to characterize
the capacitors with a 200 mV oscillating electric field. Leak-
age currents were measured using a Keithley 6517A elec-
trometer as a voltage source and ammeter, along with series
resistance of 110 K1 to limit current in the event of a short
circuit. The data presented here account for the series resis-
tance as well as for any current measurement offset, the pres-
ence of which was determined by measuring the depolariza-
tion current as a function of time after the voltage sweep
returned to zero.

Atomic force microscopy(AFM) and triple-axis x-ray
diffraction were used to investigate homoepitaxial SEIMO
films. The effect of growth parameters on the film was de-
termined by comparing th€200 peak separation between
the SrITiQ substrate and film deposited using a Philips Ma-
terials Research diffractometdViRD PRO with ~10 arcsec v
resolution. The film strain was determined from the peak (b)
separation. Films deposited at both 25 and 75 mT were _ _ _
grown in two distinct Sputering gas regimes by varying thel 1> ™ @ 44 Image o 710 Haneset b8 i 00 e A0
sputtering gas ratios. SrTidilms were sputtered in an oxy- mt. 50 sccm Ar/50 sccm O(3 pmx 3 um).
gen rich(50 sccm Ar/50 sccm §) and oxygen deficient90
sccm Ar/10 sccm §) environment, as detailed in Table |I.

The deposition rate decreased with reduced argon flow and
increased oxygen flow because of the relative decrease #ch sample at 25 mT50 sccm Ar/50 sccm §) displayed a

argon species contributing to the sputter yield, as verified byougher surface, a rms roughness of 7-8 A. The rougher
RBS8 surface was attributed to lower cation mobility on the growth

surface with higher oxygen pressures. The film thickness and
Sr/Ti composition were determined by RBS. Both films were
found to be titanium deficient with a Sr/Ti ratio of 1.02.
A preliminary growth study was performed oii00 Homoepitaxial films grown at 75 m{90 sccm Ar/10 sccm
SrTiO; and(0001) Al,O; substrates at total growth pressuresO,), 75 mT (70 sccm Ar/30 sccm §), and 75 mT(50 sccm
of 25 and 75 mT and with two differentAr ratios at each  Ar/50 sccm Q) had Sr/Ti ratios of 1.40, 1.19, and 1.02,
growth pressure. The homoepitaxial Sr§ifdms were char- respectively.
acterized by AFM and x-ray diffraction, while the SrgO Another set of samples was grown concurrently(b®0)
films grown on sapphire samples were analyzed by RBSSrTiO;, (0001 Al,O3, and platinized(0001) Al,O5 at 25
AFM images of the 25 mT films in Figs.(d) and 1b) show  mT (90 sccm Ar/10 sccm §), 25 mT (50 sccm Ar/50 sccm
the effect of oxygen on the film surface morphology. StepO,), 75 mT (90 sccm Ar/10 sccm §), and 75 mT(50 sccm
flow growth was evident in the 128 nm thick sample grownAr/50 sccm Q). Growth was carefully monitored to ensure
at 25 mT (90 sccm Ar/10 sccm &) and had a root mean that each sample was of equal thickness because the dielec-
square(rms) roughness of-3 A. The 103 nm thick oxygen tric constant of barium strontium titanate thin films on plati-

RESULTS
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Substrate (200) TABLE Il. Calculated growth stresses frof@02 peak separation.
T ¥ T T g T ’ T T T T T
78 mJI' 80 sccm Ar? 10sccmO, ] Potal Ar/O, A26 a, as Exx o
‘ i i 1 (mTor)  (sccm  (deg  (A) ) (%) (GPa
2 117 25 90/10 031  3.929  3.920 -0.37 —0.90
c ] 75 90/10 1.12 3.993 3960 -1.4 —3.45
= AN 75 50/50  0.37  3.933 3922 -044 -1.10
g 117
< 11
ey ‘ » Z e MNNL d N \- i . .
@ T 25mT: 90 scom Arf 10 scem O | : 1 (ex0) and stresgo) of the film are given in Eqs(2a) and
F B 3 2. 1 . . .
§ » E : | \. (2b) since the film is coherent.
[= ; D .. ™~
[ 25 mT: SOsccmAr:ISOsccmozé ] _[(1_V)az+(2V)as]
L : ‘ : ) as= , (]_)
i 1 ) N 1 s L n T - i | 2
45.2 45.6 46 46.4 as— ay
= (2a)
26 FoT Ty
FIG. 2. Triple axis x-ray diffraction scansf2w, of SrTiO; homoepitaxial [(as—a;)E]
films with the different sputtering conditions noted. o= (]_S—) (2b)
—V)as

For bulk single crystal SITiQy a;=3.905A, E

(the Young’s modulus} 189.7 GPa, and’ (the Poisson ra-
num electrodes is thickness dependeRBS analysis con- tio)=0.232*2 The calculated film parameters and related
firmed equal thickness films of 140 nm with compositions instrains are summarized in Table II.
agreement with the previous series. Triple axis x-ray diffrac-  Zero-bias capacitance and quality factors were measured
tion scans,w—26, were performed on the homoepitaxial on the processed SrTiCcapacitors on platinized sapphire.
films. Scans were done of t{200) SrTiO; peak to observe The (0001 sapphire substrates had 100 nm of Pt deposited
any splitting between the film and substrate peaks. Figure By sputtering at a 600°C surface temperature. Figure 3
shows x-ray scans of the samples. TR0 peak for the shows a(200 Pt pole figure that displays sixfolfl11} Pt
oxygen deficient 25 mT90 sccm Ar/10 sccm § film was  texture at 54.7° in accordance with th@001) Al,O5 sub-
shifted towards lower 2values with respect to the substrate, strate. High resolution triple axis diffractian—26 scans de-
while the oxygen rich film grown at the same pressure didkermined FWHM values of 310 arcsec for ttEl1) Pt peak
not display a split peak. A larger peak separation was seewhich is in good agreement with the calculated broadening
with the higher pressure, 75 mT, samples. TB80 film  of a 100 nm Pt film of~304 arcse€.Rocking curve mea-
peak shifted towards lowerdd/alues, demonstrating that the surements of th€111) epitaxial platinum had a FWHM of
out-of-plane lattice parameter of the film is larger than the200 arcsec. The rms surface roughness of the Pt film on
substrate. The measured full width at half maximumsapphire was found toeb3 A by AFM.® X-ray diffraction
(FWHM) values forw—26 scans of thg200) SrTiO; films  measurementsf—26, of SrTiO; films grown on platinized
that displayed a separate film peak by triple axis diffractionsapphire found100) and (110 peaks that displayed rocking
were between 220 and 230 arcsec, which is in good agree-
ment for the calculated broadening of a 140 ¢200) SrTiO;
film of ~222 arcsed. Visible pendellosung fringes in the
w—20 scans corresponded to approximately a 140 nm film
thickness- %1

Rocking curves(w scan$ were performed for the

samples that had a spli200) film peak to determine if the
films were fully coherent. Symmetric, on-axi00) rocking * &
curves of the film and substrate were normalized for com-
parison to investigate strain relaxation. The normalized rock-
ing curves were nearly identical thus indicating that strain Ir
relaxation through the generation of misfit dislocations had
not occurred in the films. Asymmetric, off-axi810) rocking
curves for the 75 mT90 sccm Ar/10 sccm &) sample con-
firmed a coherent film with the in-plane film lattice param-
eters @,,a,) equal to the substrateaf). The out-of-plane 4
film lattice parameterd,) has been determined directly from
on-axisw—26 scans of thé€200) film peaks that show a dis-
torteda, lattice parameter due to unrelaxed compressive bi-

axial strain. From Eq(1) the intrinsic cubic film lattice pa- FiG. 3. (200 Pt pole figure for 100 nm thick Pt fims deposited @001
rameter @;) can be determined, while the biaxial strain Al,O;.

Downloaded 21 Sep 2003 to 128.111.74.212. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 94, No. 5, 1 September 2003 Taylor et al. 3393

< 1 R — 25 mT: 50/50 (170 and worst quali'Fy factof102) at 1 MHz. A Ieak_age

r = “ : _—l;gg m gggg component that contributes to the measured capacitance at
—a—75 mT: 90/10 low frequencies (19-10° Hz) may be responsible for the

: larger dispersion in the dielectric constant for the 75 (a0
sccm Ar/10 scem §) SrTiO; film in comparison to the other
samples. Leakage current measurements performed on 75
mT (90 sccm Ar/10 sccm §) and 75 mT(50 sccm Ar/50
sccm Q) showed the samples reached a current density of

100 nA/cnt at 2 and 6 V, respectively.

250 |

200

Dielectric constant

150 |
r DISCUSSION
I ; : : : ] The collision dynamics in a plasma and its energetic ions
100 Ll gl il gl s g complicate stoichiometric film growth by sputtering. Sig-
1000 10 10 10 10 10 mund described sputtering as a collision cascade with an
Frequency [Hz] energetic flux of sputtered species moving towards a
substraté® Gas phase scattering during the sputtering pro-
500 cess is mass dependéft’ Sputtered species with masses

~——25mT:50/50 | ] imi ' i il-
Rulirrerd BB similar to ambient gasg#\r and O,) have a higher probabil

——
&

: 5 —e—75mT:50/50 | 1 ity of being scattered from their original trajectory. During
400 { - B S O —+—75mT: 90/10 | | growth, heavier elements travel towards the substrate with
| 3 ’ 3 ] lower angular dispersion. For SrTi@he atomic masses are
as follows:mg,= 88, my;=48, Mo, =32, andmy,=40. The Ti
atoms are scattered less when the Ar flow and total sputtering
: : ; ] pressure are reduced during growth. Bombardment of the
200 FUiOM WU P AN PR g S e - film by energetic ions created by sputtering can also affect
; ; " “ film stoichiometry and strain. Resputtering processes can oc-
cur when the film is bombarded by energetic species as has
been observed in the growth of YBaw,O,_,.'® Oxygen
' ; loss has been documented in Fi@hen it is bombarded by
0 sl il e visnd ] o ions with energy of at least 6.4 é¥The activation enthalpy
1000 10 10 10 10 10 for creating an oxygen vacancy§") in SrTiO; is approxi-
Frequency [Hz] mately 5.76 e\?° lon bombardment should be considered a
(b) source for generating oxygen vacancies since particle energy
distributions in rf magnetron sputtering are typically 1-10
FIG. 4. (a) Frequency dependent dielectric constant of 140 nm thick SrTiO eV
films on platinized sapphiresee the inset for growth conditiongb) Quality Physical vapor deposition growth techniques result in
factor vs frequency for SrTipdevices on a 100 nm thick Pt bottom elec- |arge strain during film growth. High resolution triple axis
trode. diffraction has shown that the strain in homoepitaxial SETiO
thin films is dependent on the sputtering growth parameters
including the total growth pressure and oxygen partial pres-
curve FWHM values from 0.5° to 0.8°. Thd1l) SrTiO;  sure. Homoepitaxial growth of single crystal films eliminates
peak could not be directly measured due to the strong signahermal mismatch, lattice misfit, grain boundary coalescence,
from the (111) Pt peak. Preliminary plane view transmission and solid state reactions/interdiffusion as appreciable sources
electron microscopyTEM) results show that films on plati- of strain?® Films were grown concurrently on different sub-
nized sapphire have predominantlyl10) and (111 strates so they experienced different growth modes, but the
texturestt same flux impinged on each substrate surface. The observed
Figures 4a) and 4b) show the measured film dielectric separation of the SrTigXilm (200 peak from the substrate is
constant and quality factor as a function of the frequencycreated by film nonstoichiometry. RBS data have shown that
These results show a clear trend of improved film electricathe films are titanium deficient by having a Sr/Ti ratio greater
properties when the concurrently grown homoepitaxial filmthan 1. In complex oxide material systems, oxygen point
is under less compressive biaxial strain. The SgTim defect concentrations are also affected by cation
grown at 25 mT(50 sccm Ar/50 sccm §) revealed no split  stoichiometry?*2° Physical vapor deposition techniques such
peak, and the film grown simultaneously on platinized sapas sputtering and laser ablation can impact the film compo-
phire yielded the highest dielectric const@41) and largest sition because of mass and pressure dependent gas scattering
dielectric quality factor(320) at 1 MHz. The SrTiQ film processes; therefore, film stoichiometry is a function of the
grown at 75 mT(90 sccm Ar/10 sccm §) was calculated to  growth pressuré®?® The film grown at 25 mT and higher
be under compressive strain of 1.4% and its platinized sapxygen pressurés0 sccm Ar/50 sccm §) is closer to sto-
phire counterpart produced the lowest dielectric constanichiometric SrTiQ because no split peak was observed in

300 (atlid [Valaca T — .

Quality factor

100 Ueilal S — ]
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| Pt | 1000 : -
Pt l SrTiO; | Pt I
Pt BOTTOM ELECTRODE 5
SUBSTRATE > 100 |-
=
3
(a)
10 i i o SN S S g
R 100 1000 10 10 10 10 10
' Frequency [Hz]
BST (a)
C [ ; H ; :
GDC g Gac § ——
T |
o
© . |
‘E : : ; ‘ ‘ :
z 100 PR eE
(b) o = : : : , ,
3
FIG. 5. (a) SrTiO; capacitor structure on a sapphire substrétg Circuit
diagram of the SrTiQ capacitor structure.
the x-ray diffraction. The data suggest that higher sputtering 100 1000 10° 10° 10° 10" 10°
pressures impede the growth of stoichiometric films, but Frequency [Hz]

oxygen rich growth environments promote stoichiometric
film growth. Similar results have been reported for SO (b)
thin films deposned by laser ablatich. . . FIG. 6. (a) Total device quality factor as a function of the frequent¢y).(

. T_hzes %Ja.“ty factor was used to CharaCtenz_e the loss in ?b) Measured total device and extracted Sryifim quality factor for
circuit.~>“Figures %a) and §b) show the capacitor structure srTio, film grown at 25 mT: 50 sccm Ar/50 sccm,@140 nm SrTiQ and

and equivalent circuit diagram of the Sr@evices. Mea- 100 nm Pt fims.
sured capacitors were 3ImX50 um with 50 um pitch.

Rs, Ggc: Gacr andC represent the series resistance from the

contact electrgdes, conductance as a result (_)f dc _Ieakage At low frequenciesQjeaagedominates the device quality
from free/mobl_le charge, con_ductance due to dlglectrlc l0SSkactor [EQ. (48] Qearage iNCreases linearly with the fre-
and the _capacngncg, respectlvely. T_hg total quality factor_foauency and losses in leakage increase with bias applied.
the SrTiQ device in terms of individual components is nonstoichiometric films have increased leakage losses be-
shown in Eqgs(3) and (48)—(4c) wherew is the angular fre- 5,56 of the larger concentration of free carriers, electrons,
quency. Figure @) shows the frequency dependence of theyom oxygen vacancies that increase film conductitA§* In

total device quality factor Qta)- ionic lattices polaron conduction can contribute to leakage
1 1 1 1 @ currents where electrons can move in the conduction band
= + —+ =, 3 (large polaron or from site to site by thermally activated
Qutar - Qreakage Qsimo, Qe hopping (small polaron.3?3 Reduced bulk SrTiQ samples
«C have been shown to have conductiviies as high as
Qieakage™ 5 (48 107! (Qcm) ! and increased loss tangeftsThe SrTiQ
de film conductivity cannot be directly determined from the thin
»"C film capacitors because of interfacial resistance from the Pt
QSfTioazeiac' (4b) Schottky contact. Leakage current measurements suggest
higher electron doping and strongettype behavior in the
Qo 1 (40) 75 mT film grown at lower oxygen pressures. Oxygen va-
Pt wRLC" cancies have a defect level approximately 0.3 eV below
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the conduction band edge and act as shallow doftdrsuf-  sputtering lead to a wide variety of point defects and addi-
ficient oxygen pressure during growth results in the formadtional extended defects such as dislocations and grain bound-
tion of oxygen vacanciefOp—Vy'+2,"+0.50,(g)] and  aries. Many of these imperfections stem from the process
larger leakage current§. requirements for device integration that set growth tempera-
For intermediate frequencies the device quality factor igure limitations and yield polycrystalline films. It is clear that
determined by the conductance associated with dielectrisubstantial further effort is required to understand point de-
loss in the SrTiQ film [Eq. (4b)]. Energy loss from dipole fect related microwave loss mechanisms.
relaxation mechanisms must be considered in the loss tan-
gent for oxygen deficient SrTiD Oxygen vacancies distort ~oncLUSION
the lattice thus lowering its crystal symmetry and can act as
dipole centers that interact with an applied ac electric field In summary, high resolution triple axis x-ray diffraction
thereby contributing to dielectric lodsThe intermediate re- Was used to investigate growth stress in homoepitaxial
gime has a power law frequency dependem%) (that is not SrT|03 films. The(ZOO) peak Spllttlng between the substrate
well understootP and was experimentally determined to and the film was found to depend on the total growth and
haven~0.1. oxygen pressure. RBS confirmed that the films were Ti defi-
At high frequencies the platinum bottom electrode domi-Cient, but the Sr/Ti ratio was close to 1 at lower total growth
nates the total device quality factpEq. (4c)]. Figure gb)  Pressures with higher oxygen fraction. Nonstoichiometry in
shows the total device quality factor and the extracted qualitfOmplex oxides such as SrfjCand BaTiQ leads to a
factor for the SrTiQ film deposited at 25 mTor(90 sccm  Strained lattice parameter that is measured as tetragonal dis-
Ar/10 sccm Q). The SITiQ film quality factor was deter- tortion. F_ilms grown conc_urrently on platinized_ sapphi_re
mined by separating it from the conductor losses associateffere fabricated into capacitors and tested for their electrical
with the Pt bottom electrode. The measured series resistanéBaracteristics. Homoepitaxial films under less compressive
of shorted capacitor structures revealed an extracted Pt resfdiaxial strain were closer to stoichiometry and films concur-
tivity of ~12 «Q cm in good agreement with the bulk resis- reéntly grown on platinized sapphire had higher dielectric
tivity of Pt (~10.6 uQ cm). The SrTiQ film quality factor cons.tants qnd better d|e]ec_tr|c loss performance. Dielectric
remains constant with an increase in frequency even as tH8SS is dominated by extrinsic factors such as oxygen vacan-
total device quality factor decreases due to conductor losse§'€S and conductivity as opposed to phonon limited intrinsic
Thicker base electrodes could be used to reduce the serilSS mechanisms. Films deposited by sputtering are grossly

resistance associated with the varactor and minimize conduflonstoichiometric and this is a major reason for the order of
tor losse<8 magnitude difference between loss tangents for thin films

—3 2 — 3
In an ideal ferroelectric crystal the microwave loss is(10 ~—10 %) and bulk samples (10-10"%). Future stud-

associated with dampening of a low frequency traverse optil_es should investigate the microstructure of nonstoichiomet-

cal phonon or soft mod®® The origin of intrinsic loss is the ric dielectric films and their dielectric properties.
interaction of an applied ac field with the phonons of the

dielectric. It has been well established by Gurevich andACKNOWLEDGMENTS

Tagantsev that there are three mechanisms responsible for
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