Overview

Characterization of ferroelectric films by spectroscopic ellipsometry

Dataanalysistechniques for spectroscoptiipsometrywere developed and used
to monitor thequality of ferroelectric SrBira,0, (SBT) thin films. Although this
research focused on characterizing SBT, these general methods could be appéiey to
other insulative materials. Inerms of applications, ferroelectrfims form the active
elements in nonvolatile memory devices and thermal sersways. Thereforghis
research benefithe semiconductondustry andhe energyconsuming industries/hich

process large volumes of material at high temperatures.

Summary of research performed

Ellipsometry offers a nondestructive method of estimafiimg thickness and
optical dispersion based dhe interaction of polarizetight with the sample. Variable
anglespectroscopiellipsometry(VASE) has emerged as a powerémalytical tool which
is often under-utilizedunlessthe required datanalysisprocess is performed by an
experienced VASBEoperator. The diagnosticcapabilities of VASE were made more
accessible by presenting a logioathod of nedelingthe acquired datasing commercial
software. The structural and optical parameters of VA®dflels were determined
through an interactive process. Structugdibcts weresimulated as combinations of
layers and mixtures afomponents. This multi-layered modelingnethod was used to
characterize surface roughness depths, interior void profiles, secondary phase
concentrations, substrate interactions, optical constantshbartigap energies of SBT
films. When VASE modelg/ere compared with transssion electron microscopyf EM)
cross-sections, theombined results provided a cleapgcture of SBTfilms than either

description could alone.



In chapter 1, thenulti-layered modelingnethod was used to separate ¢fiects
of material-dependent optical properties from process-dependent microstructures. By
estimating the void concentration as function of depth, VASE characterized the
microstructure of SBTfilms made by pulsed laser deposition, cheaih vapor
decomposition, and metal-organic depositionhewthe microstructure waadequately
simulated,the deduced optical properties obtairfiemn SBT films approached those of
bulk SBT.

SpecialVASE techniques provided compositioraadalysis which helpettace the
electrical performance to the processing conditionSBT films. In chapter 2, VASE
was used to estimate threlume fraction of BJO; in SBT films made byMOD. Excess
Bi, O, is typically added to promotgrain growth. Howeverwhen the precursor Bi
solution wamot distilled completelythe excess BOD, did not all go into asolid solution
with SBT. Instead BO; appeared as a separate phadech decreased grain size and
increased the leakage current by several orders of magnitude.

In chapter 3, VASE characterized ttieckness and roughness of an amorphous
layer of SiQ between Si substrates and SBiims made byMOD. This SiO, layer
reduced the net capacitancediyout 50 %. VASE showed that thefractive index of
SBT films did not depend on the substrate. TEMnfirmed that nucleationccurred

randomly throughout SBT films and was not controlled by substrate interaction.

Digital memory applications

Transistors and capacitors are thesic elements of digitahtegrated circuits.
Numerous designfor new memory devices with ferroelectricansistors or capacitors
have been proposed. Designs which flipittiernal ferroelectridield producenonvolatile
memory, while designs whiathange themagnitudebut not thedirection of the remnant
polarization producevolatie memory. Unlikeother materials, ferroelectrics exhibit a

stable reversible internal electric field which can yield many desirable properties in memory



devices if reliableprocessing steps for ferroelectric components can be integsétted
silicon-based chips.

Traditional metal-oxide-semiconductor (MOSield-effect transistors use an
applied electricfield to turn a switch (calledthe gate) on owff by controlling the
conductivity through ashallow layer of silicomnear the oxide interface.Nonvolatile
memory devices can be made by replatirggoxide with a ferroelectriayer inorder to
form metal-ferroelectric-semiconductor (MFS) transistors. The statelaal field of the
ferroelectric holds the switch on off without requiring a sustainegpplied volage. In
these designs, if a ferroelectfien is depositeddirectly on Sithe chencal and electrical
interaction between the ferroelectric film and Si become important issues.

Dynamic random access memorfPDRAM) capacitors made of SiOrequire
intermittent recharging, which consume®wer and requires additional recharging
circuitry. In ferroelectric random access mem@RAM), theinternal fielddirection (up
or down) of a ferroelectric capacitor creates a stable charge concen(catied the
remnant polarization) on the electrodes, which stifesmation as a 1 or 0. I18BT, the
internal field direction can be reversed more than'9l@mes without a significant
reduction in polarization strengthwhich means thadBT has a higher fatigue resistance
than most ferroelectricsSincethe stable polarization of a ferroelectric capacitors does
not need to be refreshed, the information storage is nonvolatile.

For volatile memory chipsthe continual pushtowards morecost effective
manufacturing naturally leads to higher concentratiorsadller devices. Fazamedicts
that when DRAMs have featuremallerthan 0.2um, SiO, capacitors Wl store signals
that aretoo small to be reliablydetected bysenseamplifiers?2 Then the insulator may
have to be madeut of materials with high relative dielectrabnstantsg,. Forexample,
ferroelectrics castore 40 to 20,000mes more chargper unit area than Si3 Power

consumption per unit area must also ro@imized, to prevent compacthips from



overheating. This requiremapacitors to have low leakagerrents. As @uality control

tool, VASE was able to detect a conductive phase in SBT films, as discussed in chapter 2.

Infrared detector applications

As much as 80 % of alU.S. industrial energy consumptiogoes to process
aluminum,steel, glass, paper, petroleum, @hdmicals$ To conserve energy and reduce
costs, thesendustries haveequested DOE-sponsored research to develop (aotbeg
things) cheaper sensitive thernmahging of hightemperature processé€s.In response to
this need, ferroelectric thirilm research couldhelp developsimplified pyroelectric
infrared cameras that operate at room temperature.

Much of the cost of traditional infrared cameras, based on narrow-bandgap
photoelectric semiconductors, comes froin@ cryogenic cooling systems required to
reduce thermal noise ftnigh detectivity. Everroom temperature heat causesaadom
background current thamasksthe imagecurrent in a longvavelength infraredietector.
Although military users prefer long waveleng(B-15 um) infrared systems to observe
people and motors aight, industrial userénd that shortwavelength(3-5 pm) infrared
sensors are more accurate at monitorimgher temperatures inside furnaces, for
example? Infrareddetectors that are tuned to thdsgher energy infrareghotons are
less sensitive to background thermal noise.

Operating at room temperature, ferroelectric sensansletect a wle range of
infrared wavelengths with higher signal-to-nois&tios than photoelectric sensérs.
Depending on design, ferroelectric capacitors produce currents that are proportional to the
rate atwhich the remnant polarization or the capacitance changes with temperature.
Therefore constant temperature surroundingsndbcausemuch noise in ferroelectric
detectors. Although potentially more affordable, these uncooled pyroelectric cameras are
less sensitive than cryogerpbotoelectric cameras. Omey to potentially improve the

sensitivity tocost ratio is to deposiérroelectric piels directly onrmass-producedmage-



processing chips. Thereforany reactionlayer between Si and a proposéztroelectric
component must bevell understood. To addresiis issue,the structure of an SiO

reaction layer between SBT and Si was investigated using VASE in chapter 3.
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