AlP | e ™

In situ low-angle x-ray scattering study of phase separation in initially mixed Hf O 2 — Si
O 2 thin film interfaces

Jeong-Hee Ha, David Chi, and Paul C. Mclntyre

&

Citation: Applied Physics Letters 85, 5884 (2004); doi: 10.1063/1.1831554

View online: http://dx.doi.org/10.1063/1.1831554

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/85/24?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Confined phase separation in SiOX nanometric thin layers
Appl. Phys. Lett. 103, 203109 (2013); 10.1063/1.4830375

Evolution of nanoscale roughness in Cu/SiO2 and Cu/Ta interfaces
Appl. Phys. Lett. 100, 024106 (2012); 10.1063/1.3675611

In situ synchrotron based x-ray fluorescence and scattering measurements during atomic layer deposition: Initial
growth of HfO 2 on Si and Ge substrates
Appl. Phys. Lett. 98, 231905 (2011); 10.1063/1.3598433

Phase separation and Si nanocrystal formation in bulk SiO studied by x-ray scattering
Appl. Phys. Lett. 96, 081912 (2010); 10.1063/1.3323106

Nucleation of atomic-layer-deposited HfO 2 films, and evolution of their microstructure, studied by grazing
incidence small angle x-ray scattering using synchrotron radiation
Appl. Phys. Lett. 88, 032907 (2006); 10.1063/1.2164417



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1978199800/x01/AIP-PT/APL_ArticleDL_111914/PT_SubscriptionAd_1640x440.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Jeong-Hee+Ha&option1=author
http://scitation.aip.org/search?value1=David+Chi&option1=author
http://scitation.aip.org/search?value1=Paul+C.+McIntyre&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.1831554
http://scitation.aip.org/content/aip/journal/apl/85/24?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/103/20/10.1063/1.4830375?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/2/10.1063/1.3675611?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/98/23/10.1063/1.3598433?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/98/23/10.1063/1.3598433?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/96/8/10.1063/1.3323106?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/88/3/10.1063/1.2164417?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/88/3/10.1063/1.2164417?ver=pdfcov

HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 24 13 DECEMBER 2004

In situ low-angle x-ray scattering study of phase separation in initially
mixed HfO ,—SiO, thin film interfaces
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In this letter, we report on phase separation kinetics at initially mixed interfaces of-13f0O,
multilayers measured by low-angle x-ray scattering. Multilayers were fabricated by sputtering and
ultraviolet ozone oxidation of ultrathin Hf and Si precursor films. The multilayers were subjected to
isothermal anneals in the temperature range 680-762 °C duringitu x-ray scattering
measurements. The evolution of the intensity of the multilayer x-ray satellite peaks, the Fourier
components of the composition modulation, were consistent with diffusional phase separation of

HfO, and SiQ during the anneals. The effective interdiffusivﬁ:x of the HfO,—SIO, alloy present

at the interfaces in the as-deposited multilayers was estimated from the measured intensity change
of the first-order satellite reflection as a function of annealing time. The extracted activation energy
for the phase separation process was 2.06+0.15 eV for the multilayer samples studie@4 ©
American Institute of PhysicgDOI: 10.1063/1.1831554

As scaling of field-effect transistors continues to sub-0.1spatial resolution of the profiling technique is an important
um channel lengths, the gate capacitance density must irconcern, as the resolution should be less than the diffusion
crease to provide sufficient control of the transistor channeldistance\Dt of interest in order to produce meaningful re-
Silicon dioxide (SiO,) has conventionally been used as thesuits. In order to characterize diffusion processes with rela-
dielectric, but further dimensional scaling of the dielectrictively short length scales, multilayer x-ray scattering is very
thickness will lead to physical limitations such as very highadvantageous. With this method, which probes changes in
gate |eakage current densities reSUlting from direct tunneling’]e Fourier Components of the rea|-space Composition modu-
of carriers across the gate. High permittivityigh) insula- |ation of artificially structured multilayer thin films, interdif-
tors which give higher gate capacitances with physicallyfysivity values less than 18 m?/s can be measuréd.
thicker dielectric films are needed to address these isues. In this letter, we present results of a systematisitu

Hafnium (Hf) and zirconium(Zr) silicates are promising ,_ray scattering investigation of phase separation phenomena
candidates for alternative gate dielectric m_aterlals becaF'S\ﬁhich oceur at interfaces in deposited B3O, multilayer
th_ey are thermally stable with respect to solid state reactlo?ML) structures. The magnitude of the interdiffusivity was
W'th. S" and appear to have adequaée bapd 9aps 10 eNSUrG.&imated from the time evolution of the first-order
suﬁqunt conduction ban_d offset to Tl_'he|r.relat|v¢ com- multilayer satellite peak intensity during isothermal anneals
p"?‘t'b'"ty (compared to higlk metal C.)X'de$ In fabrication in the x-ray diffractometer. An effective activation enthalpy
with conventional CMOS processing also makes then} e . .

or the process of diffusional phase separation at initially

attractive® . : L
However, it has been demonstrated that these amorphoﬂ%term'xed HIQ/SIO; interfaces was e_xtracted f_rqm ob-
erved temperature dependence of the interdiffusivity.

metal silicates can decompose into silicon-oxide-rich and® ) ) .
metal-oxide-rich regions due to the positive enthalpy of mix- 1 ne HIG/SIO, multilayer sample was fabricated by al-

ing of SiO, and metal oxides such as zirconium oxi@0,) tqrnately depositing a}nd oxid!zing qutter—depositgd Hf and
and hafnium oxidéHfO,).*® This degrades the film's dielec- S! 1ayers upon a passivated Si subst(&ig. 1). The Si(100
tric and electrical properties. Further investigations are>UPstrate was first etched in 18% HF and then subjected to
needed to study the thermal stability of the silicates and@0m temperature UV ozone exposure at 600 Torr for 60 min
phase separation effects on their properties. Additionallyin the load-lock of ultra high vacuumbase pressure
metal oxide insulators deposited onto ultrathin Stased <107 Torr) sputter deposition system. Hafnium and silicon
interface layers are also candidate highate dielectrics for layers were deposited by dc magnetron sputtering with the
Si transistors. Consequently, the stability of h]gh‘neta| deposition rate of 0.36 A/s for Hf and 0.095 A/s for Si. The
oxide/SiQ, interfaces and their tendencies for either interdif-sputtering gas used was argon at a pressure of 20 mTorr.
fusion or phase separation are also of great practical interesdominal deposited layer thicknesses for Hf and Si were 20
There have been a number of techniques used to meand 10 A, respectively, as measured by a quartz crystal rate
sure interdiffusion or phase separation at film interfaces. Rumonitor. Oxidation of each layer was accomplished by UV
therford backscattering spectrometry, Auger electron speazone exposure at 600 Torr for 60 min in the load-lock of the
troscopy, and secondary-ion-mass spectrometry are the masputtering chamber. Samples were not exposed to air during
commonly used techniques which can give concentratiomny point in the deposition and oxidation processing. A mer-
profiles for chemical species across interfaces. However, theury vapor lamp was used to generate UV-light with strong
emission at 254 and 185 nm wavelengths in order to create

9Author to whom correspondence should be addressed: electronic maifitomic oxygen and ozone from the high purity oxygen
pcmi@stanford.edu (99.999% source gas.

0003-6951/2004/85(24)/5884/3/$22.00 5884 © 2004 American Institute of Physics


http://dx.doi.org/10.1063/1.1831554

Appl. Phys. Lett., Vol. 85, No. 24, 13 December 2004 Ha, Chi, and Mclintyre 5885

1E8
17 Total reflectivity
peak
—g 1000000 -
" 100000
§ 10000 §
< 1000
b=y
@ 100 4
Q
£ 10 N“
14
01 . . . , . .
0 1 2 3 4 5 6 7
(@) 2Theta
_ 700+ 713.3°C
§ 600
2 s ., —-— As-deposited
§ 400 o 47
— . g @ .. il - n
. . . e 300 8%, o 145
FIG. 1. TEM image of as-grown UVQHfO,/SiO,), multilayer structure on - o .
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It should be pointed out that we have previously seen = 0
evidence for the initial mixing of 5-7 A at metal oxide/SiO 100

interfaces prepared by the UVO methodihis initial mixing 1.5 20 25

may be a result of the sputter deposition process used to (b) 2Theta

deposit the metal precursor layers prior to their oxidationF!G- 2. (@ Low angle XRD data fo(HfO,/SiO,), multilayer structure(b)
Energetic neutral species impacting the film during sputteEJr}ngef;‘n't’i‘r:ﬁgi';yacr’:n'ggi :gg'e XRD spectra O,/ SiO,), multilayer
deposition are likely capable of mixing metal atoms into the

underlying layers. Furthermore, metals such as Hf and Zr are ) )

sufficiently reactive with oxygen to partially decompose an ~ The rate of phase separation can be estimated by observ-
underlying SiQ layer. Therefore, there may be a chemicaling first-order(n=1) multilayer satellite peak intensity as a
component to the initial intermixing at HEDSIO, interfaces  function of annealing time through

prepared by the UVO technique.

Transmission electron microscoylyig. 1) failed to de- d (1) \| _ 87 ~
tect evidence of crystallinity in the as-grown UVO synthe- 10/ |~ F'DLL @)
sized MLs. This is consistent with previous experiments on _ ] ) o )
individual UVO HfO, films which indicated that the as- Wherel is the first-order peak intensity, is the bilayer pe-
grown films were amorphous. Therefore, the intermixed reriod of the multilayer, and, is a bilayer period dependent
gion in the vicinity of each interface in the ML can be effective interdiffusivity of the syste 910This equation is
thought of as an amorphous Hf€SIO, alloy. This amor-  derived from the linear diffusion approximation, in which the
phous alloy region should, however, experience a chemicdtourier components of a composition wave are assumed to
driving force for phase separate system due to the large areglolve via an interdiffusion process that is independent of
positive enthalpy of mixing of Hf@and SiQ which is evi-  time. Thus Eq(1) is only an approximation for the interdif-
dent from the liquidus behavior observed in the reported bifusivity of samples such as those studied in this work, in
nary phase diagram for this systémiffusion-limited phase  which the amplitude of the composition modulation is rela-
separation is expected to occur in the initially intermixedtively large and the composition changes across interfaces
layers during postdeposition annealfhg. are sufficiently abrupt that the composition dependence of

The interfacial phase separation Kkinetics in thethe interdiffusivity may be significant. For a phase separating
HfO,/SiO, MLs were examined primarily by low angle system, the first-order peak intensity increases as diffusional
multilayer x-ray scattering. Figure@ shows satellite peaks segregation of the components takes place.
around the incident x-ray beam obtained in a symmetric Then=1 peak intensity obtained from successive scans
scan. The small beating between the primary peaks in Figduring the isothermal annealing of HJ(5iO, MLs are
2(a) is a consequence of the finite thickness of the multilayeshown in Fig. 2b). The intensity increases as annealing pro-
sample?. Each scan was performed for a range of diffractionceeds, as expected for phase separation at the initially inter-
angles in which one can detect out to the third-order satellitenixed as-deposited Hf)SIiO, interfaces. The shift of the
peak for this multilayer structure. After scanning the as-peak position to higher 2values indicates that bilayer spac-
deposited sample, the same multilayer was hegtegitu in ing becomes smaller during the annealing procedure. This
the x-ray diffractometer to a temperature of interest in a ni-may arise from the molar volume change which occurs while
trogen ambient. While at the annealing temperature, symmethe phase separation of the initially intermixed H{SiO,
ric scans were performed every 15-to 30 min. ailoy layers proceeds.

-
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after a certain period of time at each annealing temperature.
The asymptotic value of the measured intensity obtained
from fully phase-separated MLs will be determined by fac-
tors such as the interface roughness between adjacent
HfO,/SiO, layers. This saturation of the=1 intensity is
consistent with the completion of substantial phase separa-
tion in the initially partially intermixed HfG-SiO,
multilayer.

A fit to the data in the linear regime in Fig(&}, can be

used to estimate the interdiffusivity,, at each annealing
temperature using E@l). Uncertainty in thd /I, data in Fig.

4(a) results from the fluctuation of the x-ray source intensity,
and numerical errors resulting from background subtraction
and satellite peak integration. Also, we estimate an uncer-
tainty of about 900 s in annealing time, because of the time
interval which a sample experiences while the stage is heated

each temperature. The rate of change of the scattered x-r m room temperature to the high t(_emperature_of interest.
intensity stabilizes, producing the linear characteristic ob- he combination of these uncertainties results in the error
served in Fig. da) over much of the annealing time range bars forD, shown in the Arrhenius plot in Fig.(#). The
investigated. The initial jump im=1 satellite intensity may estimated interdiffusivity af =762 °C is omitted from this
result in part from the densification and crystallization of thefigure because of the very small number of data points ob-
HfO, layers in MLs, which occurs during the anneals. Figuretained before the multilayer satellite intensity saturated.
3 presents the cross-section TEM image of the ML samplejowever, one should note thng may be strongly depen-
after an anneal at 752 °C for 280 min, which confirms crys-dent on the bilayer thickness as a consequence of gradient
tallization as expected. Moreover, the composition depenenergy effects and differing molar volumes of Hf@nd
dence o can give rise to nonlinear satellite intensity decaySiO, molecular units. Therefore, the interdiffusivity values
curves for multilayer samples with large-amplitude composi{lotted in Fig. 4b) are specific to the bilayer structure inves-
tion modulation$*3The satellite intensity data saturated tigated in the present experlments and are subject to the im-

portant assumption thﬂL is approximately independent of

FIG. 3. TEM image of UVO(HfO,/SiO,), multilayer structure after an-
nealing at 752 °C for 280 min.

A rapid and nonlinear increase nfE1 satellite intensity
is evident[Fig. 4(a)] during the early stages of the anneals at

09 composition.
0.8- Approximate diffusion lengths calculated from estimated
07 a0t ., interdiffusivity and observedh=1 intensity saturation time
for each sample were 4 A. This value is consistent with the
0.6 . .
. o reported interface abruptness of as-grown UVO metal oxide/
051 e . SiO, interfaces measured by scanning transmission electron
g 0.4 . D) * microscopy and electron energy loss spectroséo‘ﬁye ac-
Y . tivation enthalpy of the extracted H§SSIO, interdiffusivity
02 * 680.0 obtained from the slope of the Arrhenius plot in Figbyis
’ » 7133 2.06£0.15 eV.
0.1 4 7310 Low angle XRD and TEM observations were performed
004 o o 7520°C in the Geballe Laboratory for Advanced Materials at Stan-
04—, i : : : i : ford. The authors thank Dr. A. Vailionis of Stanford Univer-
¢ 5000 1°°°°T 15000 20000 25000 30000 sity for valuable discussions. This work was supported by the
@ ime (sec) Semiconductor Research Corporation through Task No.
1016.001.
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