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TUTORIAL

High-Permittivity Dielectrics and High-Mobility
Semiconductors for Advanced Field Effect

Transistors
Monday March 28, 2005

1:30 PM - 5:00 PM
Room 2007 (Moscone West)

This tutorial will provide an overview of recent trends and guiding
principles 1110tivating the c0111bination of high-pern1ittivity dielectrics
and high-n1obility sen1iconducting channel 111aterials in nanoscale
metal-oxide semiconducter (MOS) field-effect devices. The first
portion of the tutorial, which will be presented by Dr. Mcintyre, will
review deposition of alternative gate dielectrics by CVD, ALD, and
physical vapor-deposition methods. The effects of dielectric
111icrostructure, interface structure and the phonon properties of
high-k 111aterials in controlling key MOS electrical characteristics, such
as carrier mobility, will described. Compatibility of high-k dielectrics
with various gate 111etals and novel sellliconductor substrates, and
prospects for "ultrahigh" dielectric materials (k > 50) will also be
addressed. The second half of the tutorial will be presented by Dr.
Uchida. Channel engineering to enhance 1110bility will be discussed in
terms of strain effects and new materials introduction. The strain
effects on carrier mobility in silicon MOSFETs will be reviewed in
ternlS of strain directions and surface orientations. The process
techniques used to induce strains will be also described. The
possibilities and issues associated with introduction of new channel
111aterials such as gernlaniulll will be also discussed.

Instructors:
Paul C. McIntyre, Stanford University
Ken Uchida, Toshiba Corporation/Stanford University

SESSION G1: Gate Dielectrics on Ge-I
Chairs: A. Dinloulas and D-L Kwong

Tuesday Morning, March 29, 2005
Room 2007 (Moscone West)

8:30 AM *G1.1
High Mobility Channel Engineering. Eugene A. Fitzgerald, Dept.

of Materials Science and Engineering, MIT, Canlbridge,
Massachusetts.

As processing-centric 111ethods to achieving higher-perfornlance (lower
power-delay product) in CMOS reach limits, new materials have been
increasing explored as a potential solution. One of the lllost
researched areas has been enlploying new 111aterials in the channel
region of the MOSFET. Using substrate engineering, we have created
a plethora of channels based on Si substrates: strained Si,
dual-channel strained Si-strained SiGe, tri-channel strained
Si/SiGe/Si, and symmetric strained Si-strained Ge. These channels
can exist on any substrate; we have den10nstrated fabrication of son1e
of these channels on 01, for exan1ple, as well as these channels
directly on Si. The objective of all channel n1aterials in our studies is
to create a platfonn capable of high electron and high hole n10bility in
one n1aterial, thus optiInizing for n1axin1un1 perfonnance increase in
CMOS and lowest cost by embedding the performance advantage in
the substrate material. We review mobility vs. field data for these
channels, and connect band structure en1pirically to n10bility
improvements. To further electron mobility beyond strained Si
enhancen1ents, we will also present data verifying that 111-V lnaterials
can be deposited of high quality on Si, and that engineered substrates
can be made to support such III-V channel devices.

9:00 AM *G1.2
Interface Reaction of High-k Films with Germanium
Substrate. Akira Toriun1i, Koji Kita, Masahiro Toyan1a and Kentaro
Kyuno; The University of Tokyo, Tokyo, Japan.

Ge CMOS with high-k films is very attractive from the viewpoint of
post-Si devices with low-power and high-perfonnance. The n10st
in1portant issue to focus is how to achieve a good interface quality at
high-k filn1/Ge. In principle, it is not necessary to worry about gate
dielectric filIns in high-k Ge FETs, since high-k filIns can be used
instead of a very fragile GeOx filIn grown on Ge substrates. The
interface layer at high-k film/Ge, however, is associated with GeOx
growth as san1e as high-k/Si interface. In fact, GeOx on Ge is worse
than SiOx grown on Si substrate in the high telnperature process. SiN
or GeN buffer layer has been actually examined for blocking the
catalytic oxidation process through high-k films, but problems
accon1panying nitrided interface layer are the saIne as those in the
gate stack formation of Si-CMOS. This paper describes a different

approach to good high-k films/Ge interface, where a scavenging
property of high-k films for GeOx is utilized. We prepared Hf02/Ge
and Y203/Ge MIS capacitors by sputtering Hf02 or Y203,
respectively. The results show that high-k films efficiently react with
GeOx, and that a poor quality interface layer is reduced.
Furthermore, we found that the reaction process reduces the top Hf02
thickness, which results in the further in1proven1ent of EOT in high-k
filn1 on Ge. Another interesting feature of high-k/Ge interface is an
effect of Ge surface orientation on interface properties between (100)
Ge and (111) Ge substrates. There is a long history that (100) Si
substrate has been employed for the real application in Si
n1icroelectronics. In the case of Ge device application, a careful
investigation is absolutely required for appropriate surface orientation
of Ge. We have looked into the oxidation rate, surface roughening
effects, and MIS capacitor characteristics with Hf02 dielectric film on
both (111) and (100) Ge substrates. The paper reports a distinct
difference of the surface chen1istry and discusses an advantage of (111)
Ge surface in tern1S of the better interface as well as of the higher
perfonnance Ge device with lower effective lnass.

9:30 AM G1.3
Growth of Hafnium Oxide on Passivated Germanium(100).
Sandrine Rivillon and Yves J. Chabal; Laboratory for Surface
Modification, Rutgers University, Piscataway, New Jersey.

Gern1aniun1 is a prolnising selniconductor substrate for high speed
electronics due to its high mobility. The control of its surface
chen1istry is critical because, in contrast to silicon, it is difficult to
passivate or chen1ically functionalize its surface. It is therefore
in1portant to establish reliable wet chen1ical cleaning and passivating
methods, particularly for the growth of high-k dielectrics. Controlling
the chelnical nature of the surface is essential to achieve an abrupt
interface between Ge and the high-k dielectrics, and to n1inin1ize the
forn1ation of interfacial oxide. We have investigated different n1ethods
for cleaning and passivating gern1aniun1 substrates and studied the
resulting surfaces using infrared absorption spectroscopy. In
particular, we show that the degree of hydrogen tern1ination and the
surface morphology after HF-etching depend critically on the initial
cleaning sequence. A n10nolayer H-tern1ination can be achieved on
Ge(100) using HF-etching after a cleaning process involving deionized
water and hydrogen peroxide. This monolayer is composed of both
Ge-H at 1990 cm-' and Ge-H2 at 2008 cm-' similarly to
H-terminated silicon (100) except for the absence of trihydride.
However the san1e wet chelnical sequence can also lead to the
forn1ation of n10re porous surfaces if the initial oxide is not a native
oxide, but a wet chen1ically grown oxide. Using a transn1ission
geon1etry, we have exalnined with FTIR the nature of the various
oxides. The native oxide is characterized by a TO and LO modes at
830 and 920 cn1- l

. This an10rphous oxide is ren10ved effectively in
deionized water due to its solubility in water (up to 5.2g/I). In
contrast, oxide forn1ed by H 2 0 2 is characterized by n10des at 860 and
960 cn1- l and water can not relnove this particular oxide. Finally, we
can clearly observed that the initial oxide is thicker than the oxide
creating by exposing a H-tern1inated Ge(100) wafer to roon1 air as
well as the nature lnay be different. In sun1n1ary, we are using FTIR
to study both the nature and stability of oxides and the HF-etched
surfaces obtained under wet chelnical process. We observe the
formation of Ge02 oxide while GeO is not present. The absence of
oxide for H-terminated Ge(100) indicates that HF completely removes
the oxide formed by H 2 0 2 . Finally, Hf02 has been grown on clean
Ge02 and H-terminated Ge(100) and studied. The results will be
compared to results obtained on Si(100).

9:45 AM G1.4
Direct Nitridation of Ge Substrates by Nitrogen Radical
Source for Application to Ge MIS Structures. Tatsuro Maeda',

Tetsuji Yasuda l
, Masayasu Nishizawa l

, Noriyuki Miyata l
, Yukinori

Morita' and Shinichi Takagi1.2; 'MIRAI, ASRC-AIST, Tsukuba,
Ibaraki, Japan; 2The University of Tokyo, Tokyo, Japan.

A Ge channel MISFET has been regarded as one of pron1ising devices
for future high-speed CMOS technology, because it offers high carrier
n10bilities needed for larger drive current. However, the forn1ation of
gate dielectrics is a challenging issue because of the lack in a good
passivation layer of a Ge surface. Direct nitridation of Ge can be one
of plausible techniques to forn1 gate dielectrics with a clean and stable
interface inside Ge substrates. Recently, we have successfully
den10nstrated the direct nitridation of Ge substrates using DC
nitrogen plasn1a. However, the Ge surface was exposed to the
discharge region and suffered the plasn1a dan1age. In this work,
nitrogen radicals generated by ren10te RF plasn1a source was used for
direct nitridation of Ge surfaces instead of DC plasn1a and the
electrical characteristics of the fabricated Ge-MIS structures with
gennaniun1 nitride layers were studied. Starting substrates were
commercially available (100) oriented, n-type and p-type Ge wafers
with resistivity 1.5-4.50hn1-cn1. Thern1al annealing for Ge surface
cleaning was carried out in a UHV reaction chalnber. The nitridation
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was perfornled with nitrogen radicals generated by renlote RF plasnla
source. FornI the nitrogen plasnla enlission spectra, the atonlic
nitrogen radicals existed lnainly but a slnall anlount of other excited
species were also generated. A part of confined radicals was diffused
from the plasma source to the UHV process chamber through the
aperture which induces the pressure difference between the two
chanlbers. Fronl in-situ AES analyses, we confirnled the clean Ge
surface by thermal annealing in the UHV chamber and followed by
direct fonnation of pure gernlaniunl nitride layer without including
any oxygen and carbon. XPS analyses revealed that the chemical
composition of the nitrided surface is estimated to be nearly Ge3N4.
The thickness of Ge3N4 films can be controlled by changing the
growth tenlperature and nitridation tinle. The nlaxinlunl thickness of
Ge3N4 films, evaluated by the spectroscopic ellipsometry, increased
up to 5 nm, when grown at 500°C for 30min. Ge-MIS structures with
gernlaniunl nitride were fabricated by depositing Au filnls to evaluate
electrical characteristics. The high-frequency Cg-V g curves with
gernlaniunl nitride filnls after appropriate post thernlal treatnlents
indicated the fornlation of accunlulation and inversion regions for
both n- and p- type substrates. No significant hysteresis and kinks
were observed in the bidirectional Cg-V g curves, suggesting low
surface states and trap states with small VFB shifts. Therefore, this
direct gernlaniunl nitridation technique has a possibility to use
as a gate dielectric layer for Ge-MISFETs as well as a passivation layer.

SESSION G2: Gate Dielectrics on Ge II
Chairs: S. Takagi and A. Toriunli
Tuesday Morning, March 29, 2005

H.oom 2007 (Moscone West)

10:30 AM *G2.1

Interface Engineering for High-k/Ge CMOS Devices. W. Bai',
N. Lu', A. Ritenour', M. L. Lee2, K A. FitzgeraldZ

, D. A.
Antoniadis1 and Dinl-Lee Kwong 3 j 1 Microsystenls Technology

Laboratory, MIT, Canlbridge, Massachusetts; 2Departnlent of
Materials Science and Engineering, MIT, Canlbridge, Massachusetts;
3University of Texas at Austin, Dept of Electrical and Computer
Engineering, Austin, Texas.

High-K dielectric materials are being developed for pure Ge channel
CMOS devices in order to achieve low EOT and tunneling gate
leakage. These nlaterials pose unique challenges due to the conlplex
nature of their interface with Ge, and its thernlal stability and
electrical properties. In this talk, the processing challenges for the
fabrication of high quality, ultra-thin high-K gate stack on bulk Ge as
well as epitaxial Ge-on-Si and GOI substrates will be presented. The
requirenlent for effective pre-gate clean and robust high-K/Ge
interface engineering for achieving thin EOT and inlproved MOS
device properties will be discussed, including conlparison with results
obtained from high-K/Si CMOS devices.

11:00 AM G2.2
Effects of the Oxygen Precursors on the Electrical and
Structural Properties of Hf02 filIus grown by ALD on Ge.
Sabina Spiga, Giovanna Scarel, Claudia Wienler, Grazia Tallarida,
Sandro Ferrari and Marco Fanciulli; Laboratorio Nazionale
MDM-INFM, Agrate Brianza, Italy.

The growth of high dielectric constant materials (high-k) on
gernlaniunl substrates has recently received a growing interest for the
fabrication of future ultra-scaled devices. Different deposition
techniques and substrate surface preparation before growth are
currently investigated in order to inlprove the electrical properties of
Ge-based gate dielectric stack. In this work, we grew thin (3-10 nm)
Hf02 films on (001) Ge substrates at 375°C by atomic layer
deposition (ALD). Films were grown on HF-dip Ge starting surfaces
using HfCl4 as hafniunl source and either H20 or 03 as oxygen
sources. The metal alkoxide complex Hf(O'Bu)2(mmph, which acts
both as oxygen and nletal source, was also used in conlbination with
HfCI 4 . The structural, compositional and electrical properties are
strongly influenced by the choice of the precursor conlbination. Filnls
grown with H 20 exhibit a local epitaxial growth, a high density of
interface states and a large anlount of contanlinants such as chlorine
and carbon. Capacitance-voltage (CV) curves show a significant
frequency dispersion both in accunlulation and inversion. A large
hysteresis (> 400 mV) is detected sweeping the gate voltage from
inversion to accunlulation and back. Hf02 filnls grown using the
precursor schemes HfCl4 + Hf(O'Bu)2(mmPh and HfC14+03 are
good quality insulating filnls with low leakage. Moreover, with respect
to HfOz films grown with H20, they are smoother and more
anlorphous without any evidence of epitaxial growth on Ge. A very
thin layer « 1 nm) is present at the Hf0 2 /Ge interface in films
grown with the Hf(OtBu)2(nlnlp)2 precursors, while a thicker
interfacial layer (1.5-2 nm) is revealed in films grown with 0 3. On the
other hand, the Hf02 ALD growth on Ge with 03 is effective in

reducing the impurity content (as detected by ToF-SIMS) am] t.he
interface defect density. CV curves of films grown wit.h 0 3 show a
very small frequency dispersion of the accumulation capacitance (20
Hz-500 kHz) and no frequency dispersion in the inversion capacitance
het.ween 10 kHz ann 500 kHz. Our results clearly indicate that
precursor schemes alternative to the widely used H20 + HfCl4 are
promising t.o obtain good quality high-k films on Ge by ALD.

11:15 AM G2.3
Hf02 High-I\; Gate Dielectrics on High Mobility
Semiconductors by Atomic-Oxygen-Beam-Assisted
Deposition. Athanasios Dinloulas1

, Georgia Mavrou 1
, George

Vellianitis1
, Evangelos Evangelou 1

, Nikos Boukos1
, Michel Houssa2 ,

Mat.t.y Caymax2 and Yukiko Furukawa3
; 'Inst.it.ut.e of Mat.erials

Science, NCSR DEMOKRITOS, At.hens, Greece; 2 IMEC, Leuven,
Belgiulnj 3Philips Research Leuven, Leuven, Belgiunl.

Germanium and GaAs MOSFETs wit.h high-I\; gat.e dielect.ric st.acks
present a good alternative for future high perfornlance logic devices
due to t.he high carrier mobility in t.hese mat.erials. In t.his work, using
nlolecular beatn deposition nlethodology, the native oxide on Ge is
removed in-situ under UHV by thermal desorption at ~ 360°C.
Subsequently, the Ge (100) surface is treated by combined atomic
oxygen and nitrogen beanls fronl an rf plasnla source to inlprove the
electrical quality of the interfaces. The native oxide on GaAs (100) is
reduced at. 400°C in-sit.u by at.omic hydrogen unt.il a (2x4)
reconstruction pattern is obtained in RHEED. After surface
preparat.ion, Hf02 is deposit.ed by evaporat.ing Hf in t.he presence of
atolnic oxygen bealn in a range of telnperatures between 60 and
400°C. Hf0 2 grown direct.ly on GaAs (100) subst.rat.es at. 400°C is
polycrystalline, in the nlonoclinic phase, showing a strong preferential
orientat.ion wit.h the (002) planes parallel to GaAs (100) as verified by
XRD. XPS n1e::lSUffmHmts show no evirlence of oxidation of GaAs at
the int.erface. Hf0 2 films form sharp int.erfaces wit.h Ge as verified by
HRTEM. P-and n-type MIS devices in inversion show strong frequency
dispersion and low-frequency behavior of the high-frequency (i.e 1
kHz) C-V curves which are not. observed in device qualit.y Si MIS. The
origin of t.his effect. is not. well-underst.ood at. t.he present. t.ime. Here,
we provide evidence that this behavior is n10re pronounced in Ge
because of the high intrinsic carrier concentration ni. By analyzing
C-V and G-V data at various tenlperatures we show that the Ininority
carrier response tinle tn varies as tn rv1/ni around roonl tenlperature
[1]. Since n 1, in Ge is at least 3 orders of nlagnitude higher conIpared
to Si, the tn in Ge is expected to be much shorter implying that the
nlinority carriers are fast enough to respond at frequencies as high as
1 kHz (or higher) leading t.o t.he observed low frequency behavior in
the inversion capacitance. Fronl the accunlulation capacitance at low
frequency (20 Hz) t.he EOT was obt.ained and plot.t.ed as a funct.ion of
the physical oxide thickness fronl which the interfacial thickness was
estimated to be only 3 A and the Hf0 2 dielectric permittivity I\;
around 25. This is close to the expected bulk value and appreciably
higher t.han t.he values report.ed for t.he Hf02/Si syst.em which
typically range bet.ween 15 and 20. It is also found t.hat. Hf02 behaves
as an excellent insulator on Ge exhibiting low leakage currents.
Record values were obt.ained in 3 nm-t.hick HfOz films which show
EOT ~ 7.5 A and gate current J'l ~ 4.5xl0- 4 A/cm 2 at IV in
accumulat.ion. [1] E.H. Nicolian and J.R. Brews, in "MOS Physics and
Technology", John Wiley $ Sons, New York 1982, p. 139

11:30 AM G2.4
Atomic Layer Deposition (ALD) of High-k Dielectric Films
and Metal Nitride Gate Stacks for Ge MOS Devices.
Kyoungha KinI2.1

, Jin-seong Park 1
, Philippe de Rouffignac 1 and Roy

G. Gordon'; 'Chemist.ry and Chemical Biology, Harvard U niversit.y,
Canlbridge, Massachusetts; 2Division of Engineering and Applied
Sciences, Harvard University, Canlbridge, Massachusetts.

Atomic layer deposition (ALD) was used to deposit a high-k dielectric
layer on a Ge substrate for MOS applications. A thin Ge oxynitride
layer (rv 1 nnl) was fornled using low power NH3 plasnla treatnlent
and t.he t.hickness of t.he oxynit.ride layer was cont.rolled by t.he
treatment time. Pr1.1AI0.903 and La1.1AlO.903 thin films were then
deposited using Pr (La) tris(N,N'-diisopropylacetamidinate),
trimet.hylaluminum and wat.er by ALD at. 290 oC. Pt. elect.rodes were
sputtered on the dielectric layer using a shadow nlask to nlake MOS
capacitors, and C-V and I-V curves were nleasured. Although the
growth rate (rv1.1 angstronl/cycle) was the sanle on both HF last Ge
substrates and nitrided substrates, only devices with Ge oxynitride
interfacial layers showed high electrical pernlittivity (rv 14). A thin
film (~10 nm) showed low leakage current « lxl0-7 A/cm2 at 1
MV/cm, KO.T. ~ 2.9 nm), zero flat band voltage shift, and 70 mV
hyst.eresis after post. met.al annealing at. 350 oC. Met.al (Hf, Zr, W, or
Ti) nit.ride films were also deposit.ed on high-k dielect.ric films by ALD
and patterned to nlake nletal gate stacks. The electrical properties of
the MOS devices with high-k dielectric layers and nletal nitride gate
elect.rodes will be report.ed.
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11:45 AM G2.5
Germanium Oxynitride Gate Dielectrics Prepared by Rapid
Thermal Processing. Ali Khakifirooz. Andrew Ritenour. Minjoo L.
Lee and Dinlitri A. Antoniadis; Microsystellls Technology
Laboratories, Massachusetts Institute of Technology, Can1bridge,
Massachl1sRt.t.S.

Gern1aniul11 oxynitride gate dielectrics are grown on 6" (100) n-type
gern1aniu111 wafers as well as relaxed p-type Ge layers epitaxially
grown on silicon. A special" RCA-equivalent" cleaning process has
been developed to 111inin1ize Ge loss during the cleaning step and to
give reasonably S11100th surface (Ra rv 0.2 11111). Oxidation is
perfOrIlled in an RTP chan1ber at 550 0 C for 30 s and in oxygen,
followed by the nitridation at 600°C for 60-120 s in ammonia. From
spectroscopic ellipsometry the thickness of the oxynitride layer is
determined to be 50 A with ±5 A uniformity across the wafer and
from wafer to wafer. Upon nitridation the refraction index of the film
111easured at 600 11111 is increased frolll 1.5 to 1. 7, indicating the
forn1ation of the oxynitride. Fronl CV nleasurenlents the effective
electrical oxide thickness is about 30 A, corresponding to a dielectric
constant of about 6.5. This is even higher than the values reported for
oxynitride fillns grown in a furnace and with a silnilar process [1].
MOS capacitors made by depositing AI gates on as grown oxynitride
dielectrics show a kink in the CV characteristics measured at lower
frequencies. A fornling gas annealing step at 400 0 C effectively
removes this kink and reduces the surface states density. The midgap
Dit is extracted from the conductance method to be roughly 8 X 10".
PMOS transistors were fabricated with a TiN nletal gate and show a
peak effective mobility of 260 cm2/V .s. This corresponds to 30%
enhancement over p-channel Si MOSFETs. [1] S. C. Martin, L. M.
Hitt, and J. J. Rosenberg, "Gernlaniunl p-channel MOSFET's with
high channel nlobility, transconductance, and k-value," IEEE Trans.
Electron Devices, 36(11), p. 2629, 1989.

SESSION G3: Gate Dielectrics on III-V Compound
Senliconductors

Chairs: R.. Kwo ann M. Orlowski
Tuesday Afternoon, March 29, 200fi

R.oom 2007 (Moscone West)

1:30 PM *G3.1
High Mobility III-V Heterostructure MOSFET Technology
with High-K Gate Dielectric Stack. Matthias Passlack, Ravi
Droopad, Jonathan Abrokwah and Karthik Rajagopalan; Microwave
and Mixed-Signal Technologies Laboratory, Freescale Senliconductor,
Inc., Tenlpe, Arizona.

New nlaterials, nlanufacturing processes, characterization techniques,
and device concepts have been developed for high mobility III-V
heterostructure MOSFET applications. A broad spectrum of oxides
including Ga203, SiO;J;, MgO, AI;J;Oy, Ti;J;Oy, Ta;J;Oy, MO;J;Oy,
Zr;J;Oy, Gd203, In203, and LaAI03 was investigated; only Ga203
was found to have the unique property of unpinning the Fernli level
on GaAs. High-K (K"" 20) Gd"Gao.4-"Oo.G/Ga203 gate dielectric
stacks have been lnanufactured on GaAs based heterostructures using
molecular beams of Ga20, Gd, and oxygen whereas the Ga20 and Gd
beanlS are supplied by high tenlperature effusion cells. In addition to
unpinning the Fermi level, the thin (",,1 nm) interfacial Ga203
template provides the transition from crystalline semiconductor to
anl0rphous oxide. Besides scanning tunneling spectroscopy,
current-voltage, capacitance-voltage, and Hall nleasurenlents, a new
photoluminescence intensity technique has been used for electrical
characterization. Typical lnidgap interface state density and leakage
current of high-K: MOS capacitors after post-deposition annealing are
2x10" cm- 2 eV-' and 2x10- 8 A/cm2 at 1 MV/cm, respectively.
Charge carrier injection fronl GaAs or an InGaAs device channel into
the gate oxide has been significantly reduced by the use of AIGaAs
pre-barriers. Hall nlobilities of up to 5,700 cn12/Vs have been
measured in high-K MOSFET heterostructures with InGaAs channels.
A new device concept termed the "Flatband MOSFET" has been
developed to take better advantage of the high electron mobility
property in III-V semiconductors. Flatband MOSFETs do not reqnire
ion inlplantation for source and drain regions (and extensions) ann
provide nlaxinlunl drain current (I'lna;J; or Ion) under Hatband
conditions at the source side of the gate electrode. Potential benefits
conlprise higher device perfornlance, nlore device and circuit
flexibility, and the ability to scale III-V devices using general
two-dinlensional MOSFET scaling rules well known fronl silicon
MOSFETs. Future applications may include RF and mixed circuits
for nlobile, wireless, and radar products as well as heterointegration
concepts in the longer ternl.

2:00 PM G3.2
Depletion Mode n-Channel InGaAs/GaAs MOSFET using
Ga203(Gd203) as a Gate Dielectric. Kou-Liang Jaw', Yiwen

Chen 1
, Pejun Tsai 1

, Hung-Pin Yang2, Pen Chang 1
, J. Raynien Kw03 ,

Jinl Y. Chi2 and Minghwei Hong1
; 1 Departnlent of Material Science

Engineering, National Tsing-Hua University, Hsinchu, Taiwan;
20pto-Electronics & Systems Labs, Industrial Technology Research
Institute, Hsinchu, Taiwan; 3Departnlent of Physics, National Tsing
Hua University, Hsinchu, Taiwan.

GaAs-based electronic devices have advantages over Si-based devices
for high-speed and high-power applications, due to an electron
mobility in GaAs that is five times greater than that in Si (the
electron mobility in InGaAs is even higher), the availability of
semi-insulating GaAs substrates, and a higher breakdown field. The
growth of Ga203 (Gd203) dielectric film on GaAs surface was found
to give a low interfacial density of states (Di,t), which is a key to
realize credible III-V MOSFET's'. The related inversion-channel
GaAs 2 and InGaAs/InP3 MOSFET's as well as the highly performed
depletion mode GaAs power MOSFET'S4 with hysteresis-free drain
currents were denlonstrated. In this paper, we report the first
achievenlent of strong accunlulation drain currents at a gate bias (Vq)
larger than 3 V in aD-mode GaAs MOSFET. The D-mode n-channel
GaAs MOSFET with Ga203(Gd203) as the gate oxide and a 1.6 11m
gate length shows a nlaxinlunl output transconductance of 110
mS/mm and a drain current of 330 mA/mm. The results are
comparable to the best data reported on D-mode GaAs MOSFET.
Moreover, by inserting an Ino.u:;Gao.8sAs channel layer between
n-channel GaAs and the gate oxide, the transconductance has been
further increased to 170 InS/nun, which is higher than a recently
reported excellent InGaAsjGaAs MOSFET with an ALD grown
Al20 3 as a gate dielectricv

. The above two sanlples were grown in a
nlutli-chanlber UHV/MBE systenl 1

, with the structures given here: (i)
an n-channel GaAs 1000A in thickness and with a 4x10 17 cm- 3

doping; and (ii) an n-channel GaAs 800 A in thickness, with a 4x1017

cnl- 3 doping and a second layer of Ino.lSGaO.8SAs 80 A (which is
immediately adjacent to the gate dielectric) in t.hickness ann wit.h "
4x10 17 cm -3 doping. Both were grown on buffer layers of undoped
GaAs 1000A in thickness, which were epitaxially grown on
semi-insulating GaAs substrates. Ga203(Gd203) was in-situ
deposited in a separate oxide chamber. The devices were made with
planar processing steps. An oxygen inlplantation, instead of the nlesa
etching, was utilized for the device isolation. No noticeable drain
current hysteresis and drift was observed in devices of both of these
samples. The oxide breakdown field strength is about +6MV/cm for
the positive sweep and at least -7MV/cm for the negative sweep. [1]
M. Hong, et ai, J. Vac. Sci. Techno!. B14, 2297, 1996. [2] F. Ren, et aI,
IEEE Int'l Electron Devices Meeting (IEDM) Technical Digest, p.943,
1996, and also in Solid State Electronics. 41 (11), 1751. 1997. [3] F.
Ren, et aI, IEEE Electron Device Letters, V. 19, No.8, 309, 1998. [4]
Y. C. Wang, et ai, Electronics Letters, V. 35, No.8, 667, 1999. [5] P.
D. Ye, et aI, App!. Phys. Lett. 84, 434, 2004.

2:15 PM G3.3
Growth and Characterization of High-K Epitaxial Rutile
Films on GaN and AIGaN/GaN HFET. Venu Vaithyanathan',

P. J. Hansen 2
, Y. Wu2

, T. Mates2• S. Heikman3, R. A. York3 , U. K.
Mishra3 , J. S. Speck2

, A. R. Fisher' and D. G. Schlom'; 'Department
of Materials Science and Engineering, Pennsylvania State University,
University Park, Pennsylvania; 2Materials Departnlent, University of
California, Santa Barbara, California; 3Electrical and Conlputer
Engineering Departnlent, University of California, Santa Barbara,
California.

Ti02 in rutile fornl is the candidate high-I( gate oxide investigated in
this work because of the thermodynamic preditction that Ti02 will be
stable in contact with GaN. Epitaxial rutile phase titanium dioxide
(Ti02) films were grown on (0001) oriented GaN and (0001)
Alo.33Gao.G7N/GaN heterostructure field effect transistor (HFET)
structures by reactive nlolecular beanl epitaxy. The phase-pure rutile
filnls were grown at a substrate tenlperature of rv500 °C in an
oxygen/ozone (rv15% ozone) background pressure of 2-3 X 10-6 Torr.
Ex - situ x-ray diffraction revealed that the rutile filnls are epitaxial
with rocking curve FWHMs as narrow as 0.7°. The filnls are a-axis
oriented out-of-plane, with the following epitaxial orientation
relationship: (100) Ti02 -- (0001) GaN(AIGaN) and [001] Ti02
-- <11-20> GaN(AIGaN). Multipositioning was observed with
three rotational twin variants in-plane (rotated from each other by
120°) and a FWHM in ¢ of rv6°. Transnlission electron nlicroscopy of
50 nm thick Ti02 films on GaN and AIGaN/GaN showed sharp
interfaces with no intennixing or reaction between the oxide and
semiconductor, as predicted by thermodynamics. Metal-oxioe HFETs
with 50 nm thick Ti02 dielectric layers under the gate were processed
and compared to HFETs without the Ti02 dielectric layer. The
dielectric constant of the Ti02 film was ~70, as compared to the bulk
value of ~90. The gate leakage current of the HFETs with Ti02 was
rv4 x 10- 6 nlA/nlnl at 50 V, approxinlately four orders of nlagnitude
lower than that of the HFETs with no dielectric.
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2:30 PM G3.4
Hf02 High", Dielectrics for GaAs Compound Semiconductor
Passivation. Pen Chang l

, Wei-Jin Lee l
, Vi-Lin Huang l

, Yi-Jun

Lee1
, Zhi-Kai Yang l

, Minghwei Hong l and J. Raynien Kwo 2
;

1Materials Science and Engineering, Departn1ent of Materials Science
and Engineering, National Tsing Rua University, Hsin Chu, Taiwan;
2physics, Departn1ent of Physics, National Tsing Rua University, Hsin
Chu, Taiwan.

The C0l11pound sen1iconductor offers key advantages of high electron
1110bility and sen1i-insulating substrate, thus is anticipated to
outperform Si in MIS applications. High-frequency wireless
C0111111Unications, high-speed C0111putations, and 111icrowave high power
applications could be realized by devices based on MOS type related
structures. The attainn1ent of electrically and thern1odynan1ically
stable insulators for surface passivation that exhibit a low density of
state (Did and low leakage current is one iInportant challenge of
conlpound selniconductor device processing. Relnarkably, our earlier
work of in-situ deposition of Ga203(Gd203) for GaAs passivation has
produced low D it and low electrical leakage MOS diode, and was later
enlployed as a gate dielectric to delnonstrate successfully
depletion-mode and enhancement-mode GaAs MOSFETs. We also
discovered that using pure Gd2 0 3 (",=14) epitaxially growing on
GaAs (100) substrate showed an excellent insulting barrier for
passivation. [1-3J In this work, we have extended the studies to
another new high"," nlaterial Hf0 2 growing on GaAs (100) substrate
by the MBE method. Hf0 2 films are recently used to replace Si02 on
Si industry for 45 lUll CMOS as alternative gate dielectrics. Hf02
filnls were grown at various tenlperature in a nlulti-chanlber MBE
systenl in conjunction with structural and electrical characterizations
including AFM, x-ray reflectivity, and HRTEM. Low electrical leakage
current films of amorphous Hf02 on GaAs(100) were attained by
roonl tenlperature deposition using e-beanl evaporation fronl the
ceranlic oxide sources. A very abrupt interface about one atolnic layer
thickness was observed by HRTEM. The leakage current density J E of
69 A Hf0 2 film at 1 MV/cm is 10- 0 A/cm2, with a '" value deduced
from the capacitance data at 100KHz of ~14.9. Comparing to the
electrical data of amorphous Hf0 2 films of similar thickness on Si, the
leakage current density of alnorphous Hf02 on GaAs at 1 MV / Cln is
about one order of nlagnitude higher, and the dielectric constant"'" of
both cases are quite comparable. Epitaxial growth of (100) cubic
Hf02 on GaAs (100) was also achieved by depositions at elevated
tenlperature over 2100C but with rougher surface nlorphology. The
structural order is being detennined by x-ray diffraction. Extensive
XPS analysis is now in progress to exanline the interfacial structure.
[1] M. Passlack et aI, IEEE Transaction of Electron Devices, 44 (2),
214, (1997). [2] M. Hong et aI, J. Crystal Growth, 175/176,422,
(1997). [3] M. Hong et aI, Science, 283, 1897, (1999).

2:45 PM G3.5
Ferroelectric Gates for GaN and GaAs Heterostructures and
Rewritable Nanofeatures Induced by Polarization Domains.
Igor Stolichnov, Lisa Malin and N ava Setter; Ceranlics Laboratory,

Swiss Federal Institute of Technology (EPFL), Lausanne, Switzerland.

The idea of incorporation of a ferroelectric gate into a selniconductor
device with high-mobility channel has been proposed about 10 years
ago for lnenlory applications, but its ilnplelnentation encoun~ered

serious technological problems. In the present work we combllle the
concept of ferroelectric transistor with advanced technique of direct
donlain writing. The considered sandwich structure conlprises a 111-V
senliconductor heterostructure with 2D electron gas and a
ferroelectric layer on top of it. The ferroelectric film grown on such
heterostructure can be poled in controllable way by scanning probe
nlicroscope inducing depletion or accunlulation effects in the 2D gas
depending on the polarity orientation. The artificially created donlain
arrangenlents can be projected onto the 2D gas provoking local
depletion underneath the poled area. The idea was inlplenlented using
the GaN/ AIGaN heterostructure with 2D electron gas, and a thin
Pb(Zr,Ti)03 film that played a role of ferroelectric gate. In this work
we denlonstrate the possibility of ferroelectric gate patterning by
nlaking rewritable donlain arrangenlents and its inlpact on the charge
carriers concentration and nlobility in the 2D gas. GaAs-based
heterostructures represent another group of nlaterials, which look very
interesting for such devices because of high 2D gas quality. Ho:rever,
integration of the ferroelectric layer into the GaAs structure wIth 2D
gas close to the surface is a conlplicated issue. In this work we show
the first results on GaAs-based systems with patterned ferroelectric
gates. These results suggest that ferroelectric gates nlay be potentially
interesting for a nunlber of experinlents and applications as a flexible
and nondestructive way of nlaking rewritable nanofeatures on
low-dinlensional senliconductor structures.

SESSION G4: Gate Dielectrics on Si
Chairs: A. Dinloulas and S. Guha

Tuesday Afternoon, March 29, 2005
H.oom 2007 (Moscone West)

3:30 PM *G4.1
Molecular Beam Epitaxy for Advanced Gate Stack Materials
and Processes. Jean-Pierre Locquet l , C. Marchiori l , M. Sousa1

, H.

Sieawartl D. Cainli l , J. Fonlpeyrine l , L. Pantisan02 , M. Claes2 , T.
COI~ard2, 'M. Denland2, W. Deweerd2, S. DeGendt2, M. Heyns2, M.
Houssa2 , M. Aoulaiche2, G. Lujan2, L. Ragnarsson2 , E. Rohr2, T.
Schram2

, J. Hooker3
, Z. Rittersma3

, Y. Furukawa3
, J. W. Se04 and

A. DinloulasG
; lIBM, Rueschlikon, Switzerland; 2IMEC, Leuven,

Belgiunl; 3Philips Resea;ch Leuven, Leuven, Belgiunl; 4EPFL,
Lausanne, Switzerland; JNCSR, Athens, Greece.

The nlaterial requirenlents for future CMOS generations - as given by
the ITRS roadmap - are very challenging. This includes a high K
dielectric without a low K interfacial layer, a high nlobility channel
and the appropriate metal gate. With the help of two EU projects
INVEST and ET4US, we are building up a molecular beam epitaxy
(MBE) infrastructure to grow this nlaterial set on large area wafers
that can be further processed into small scale devices. In the INVEST
project, we have developed an MBE system for the growth of oxides
on semiconductors. The system made by Riber follows the overall
design of a production tool and is equipped with an RF atonlic
oxygen source, effusion cells, e-beanl evaporators and a differential
punlping stage. The oxide growth process starts with desorbing the
initial surface oxide on the Si wafers in ultra-high vacuunl and high
tenlperature to create a clean reconstructed 2x1 surface. Using the
atonlic oxygen it is possible to oxidize the surface in a well controlled
nlanner at low tenlperature and to grow very thin and dense SiOx
layers, followed by the growth of 2-6 nm amorphous high K
dielectrics. The process paranleters pernlit to tune the interface layer
fronl a SiOx rich to a silicide rich interface with a significant inlpact
on the capacitance and the leakage. Initial focus is on developing an
optinlized growth recipe for high quality anlorphous Hf02 and
LaHf03.5 films. This recipe was subsequently used to make wafers for
a transistor batch that gave us the first N short channel MBE
MOSFET's (100 nm) using an etched gate process flow. Some
highlights of the first batch for 3nm Hf02 MOSFET are a high
nlobility (> 270 cn12/Vs) with a corresponding low leakage current of
2 mA/cm2). While there were some process issues for LaHf03.5 , the
3 nm MOSFET showed very low leakage currents below 10-6 A/cm2.
Interestingly all the LaHF03.5 MOSFETs showed very low threshold
voltage instabilities. In the ET4US project that has just started, the
focus is on the senliconductor channel with the addition of a Si/Ge
and a III/V cluster tool - provided by DCA - to the MBE
infrastructure. Since nlost of the advanced gate stacks will be lnade on
silicon on insulator structures (SOL), the first challenge is to grown a
graded epitaxial oxide telnplate buffer on Si that will. lattice nlatch
with Ge / GaAs. So far, we have explored two lnatenals systenls,
namely the (Sr, Ba)Ti03 system with Sr to Ba grading and the Sr(Ti,
Hf)03 system with a Ti to Hf grading. The second challenge is to
grow a high quality senliconductor layer (Ge / GaAs) on the oxide
and finally the third challenge is to produce and anlorphous or
epitaxial high K dielectric on the high mobility channel. Initial results
will be presented.

4:00 PM G4.2
Interface Control in MBE Grown High K Dielectrics.
Chiara Marchiori l , M. Sousal , A. Guiller l , J. W. Se02 , H. Siegwart l ,
D. Cailni l , D. J. Webb1

, C. Rossell, R. Gennann l , J. Fonlpeyrine l

and J.-P. Locquet'; 'Science&Technology, IBM Research Laboratory
Zurich, Rueschlikon, Switzerland; 2 IMPC, EPFL, Lausanne,
Switzerland.

The materials of the high K stack for future CMOS generations,
requires a very low equivalent oxide thicknesses (EOT) in a low
leakage dielectric fihn while lnaintaining a InaxiInal high nlobility in
the inversion channel. Today, these three objectives have not been
fulfilled simultaneously. The first objective can only be reached if the
transition frDIn the clean silicon surface to the high K dielectric phase
is kept under very tight control. Any interfacial SiOx nlonolayer will
increase the EOT by more than 20% for such low EOT values. Here
we use an 8 inch nlolecular beanl epitaxy systeln (MBE) equipped
with an RF atonlic oxygen source to first create an ultrathin in-situ
interfacial SiOx layer, followed by the growth of 2-8 nnl anlorphous
Hf02 and LaHfOx films. In this paper we focus on XPS to provide a
quick feedback on the interface chemistry (amount of SiOx) as well as
the bulk properties (composition, oxidation state). This is also
conlpared with infornlation extrapolated froln other analytical
techniques such as ellipsometry, x-ray reflectivity and especially from
electrical I-V and C-V measurements. After desorbing the initial
surface oxide on the Si wafers in ultra-high vacuunl and high
tenlperature, the clean reconstructed 2x1 surface is the starting point
of the growth. Using the atomic oxygen it is possible to oxidize the
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surface in a well controlled n1anner at low ten1perature and to grow
very thin and dense SiOx layers. The thickness and composition of
this interfacial layer (IL) oxide were determined using XPS with the
help of a calibration curve derived fron1 standard Si02 san1ples, with
the method of the peak area ratio. Two types of IL were observed
depending on the oxygen budget during growth, namely SiOx rich
versus silicide rich. At low 0 pressure, Hf silicide phases were detected
and their presence increased with teluperature. The oxygen
stoichiometry was estimated from the ratios between the 01s bulk
peak and the Hf4f peak at a binding energy of 17eV. Electrically,
these san1ples were characterized by a very high capacitance and high
leakage. The introduction of La (Hf:La flux ratio 1:1) suppressed the
silicide forn1ation under the san1e conditions. The pyrochlore LaHfOx
structure being n10re 0 transparent, induced the forn1ation of an
oxidized IL and significantly decreases the leakage. In contrast, at
higher oxygen pressure or on an in-situ grown ultrathin SiOx layer, a
siliciate interfacial layer is observed which reduced the capacitance of
the structure. To confirn1 the scalability of the approach, we then
performed a systematic pre-oxidation of the clean Si surface prior to
the growth of the high K layer. Finally, from these results an optimal
growth recipe was derived and then used to make long and short
channel HfOx and LaHfOx MOSFET with high channel mobilities.

4:15 PM G4.3
Epitaxial Growth of SC203 and La-based Perovskites on
Silicon by Molecular Beam Epitaxy. Lisa Friedman Edge ' , Venu

Vaithyanathan I , Darrell G. Schlon1 I , Dn1itri O. Klenov2 and Susanne
Sten1n1er2 ; I Materials Science and Engineering, Pennsylvania State
University, University Park, Pennsylvania; 2Materials Departn1ent,
University of California, Santa Barbara, California.

The continued scaling of Si02 in n1etal-oxide-sen1iconductor
field-effect transistors (MOSFETs) is approaching its fundamental
limit and in the next few years will have to be replaced with an
alternative gate dielectric if Moore's law is to continue. The higher !(
and low density of dangling bonds that an epitaxial dielectric could
offer are attractive for future generations of MOSFETs. In this work,
we investigate the growth of epitaxial LaSc03 and SC203 thin filn1s on
silicon. A n1ajor challenge in the growth of alternative gate dielectrics
on silicon is the formation of excessive Si02 at the interface between
silicon and the high-!( gate dielectric. One technique to prevent the
formation of Si02 is to grow in a low temperature / kinetically-limited
oxidation regin1e. We have investigated the oxidation kinetics of La
and Sc from their elemental state to fully oxidized La203 and SC203
in the presence of oxygen using an in situ quartz crystal lnicrobalance
(QCM). Using these parameters, we have grown epitaxial SC203 by
molecular beam epitaxy (MBE) directly on silicon. High-resolution
TEM revealed a sharp SC203 / Si interface with no discernable
interfacial layer between the SC203 thin film and silicon. SC203 t.hin
filn1s grew epitaxially with a cube-on-cube orientation relationship on
(111) silicon. Because of t.he considerable lat.t.ice mismat.ch (9.8 %),
there was a high densit.y of misfit. dislocat.ions at. t.he int.erface bet.ween
SC203 and (111) silicon. The epitaxial LaSc03 thin filn1s were grown
on (100) silicon using buffer layers of alkaline eart.h oxides. The
epitaxial orientation relationship between the orthorhon1bic LaSc03
and t.he underlying Si was (101) LaSc03 / / (100) Si and [010] LaSc03
/ / [110] Si. The films were st.ruct.urally charact.erized by RHEED
during growth and four-circle XRD and high-resolution plan-view and
cross-section TEM, including Z-contrast TEM after growth.

4:30 PM G4.4
The Nucl""tion of A LD Hf02 Films Studied by Grazing;
Incidence Small Angle X-ray Scattering with Synchrotron
Radiation. Martin L. GreenI , Xuefa Li2, Jin Wang2, Andrew J.
AlIenI, Jan Ilavsky 2, Anneliese Delabie3 and Riikka Puurunen3;
I Materials Science and Engineering Laboratory, NIST, Gaithersburg,
Maryland; 2Argonne National Labs, Argonne, Illinois; 3IMEC,
Leuven, Belgiun1.

Major effort.s have been underway t.o ident.ify replacement.s for Si02 or
Si-O-N gate dielectrics for Si n1icroelectronics, and several candidate
mat.erials, not.ably Hf02, have been ident.ified. At.omic layer deposit.ion
(ALD) is t.he leading deposit.ion t.echnology for t.hese alt.ernat.e gat.e
dielect.ric films, but. very lit.t.le is known about. t.he microst.ruct.ural
evolut.ion of such films. For t.he gat.e dielect.ric applicat.ion, t.he film
n1ust be continuous (coalesced and pore-free) at the n1inin1un1
thickness; this will give the filn1 n1axin1un1 capacitance and therefore
n1inin1un1 capacitive equivalent thickness (CET). Thus, the filn1
growt.h mode must. be underst.ood and carefully cont.rolled. Using
grazing incidence sn1all angle x-ray scattering (GISAXS) we have
obtained, for the first tilue, growth inforn1ation such as nuclei island
size and alignn1ent. Such infonnation can be used to characterize filtn
coalescence as a function of starting substrate preparation, and allows
one to establish ideal growth conditions for these critical ultrathin
layers. Nuclei size is of nanon1eter din1ensions, and therefore the
synchrotron flux is needed to provide a sufficient scattering signal, to
study the earliest stages of filtn growth and coalescence. Our san1ple

library consists of ALD HI'02 films wit.h coverages in t.he range 0.1-10
monolayers (equivalent), grown on either H-terminat.ed Si or
chemically oxidized Si. Using a reflect.omet.ry geomet.ry, for example,
we can observe oscillations that are indicative of regions of the filn1
that. are parallel t.o t.he subst.rat.e. This behavior is more persist.ent. for
filn1s grown on chen1ical oxide than those grown on H-tern1inated Si.
This behavior, as well as diffuse and sn1all angle scattering
observations, will be discussed at the n1eeting.

4:45 PM G4.5
Physical Characterization of Hr"TiyO z Thin Films Deposited
on Si by Pulsed Injection MOCVD. Sandrine Lhost.is ' , Bernard
Pelissier2, Karen DabertrandI, Vincent Cosnier I , J ean-Pierre
Gonchond 1

, Marc Juhel I , Kostas Giannakopoulos 3 and Guy Rolland4;
ISTMicroelectronics, Crolles, France; 2LTM , Grenoble, France;
3Electron Microscopy Laboratory, National Center for Research
Den10kritos, Agia Paraskevi (Athens), Greece; 4CEA, Grenoble,
France.

Hf02 based t.hin films are t.he predict.ed candidat.es for t.he
replacement of the gate oxide in future CMOS devices. However
hafniun1 silicate, hafniun1 alun1inate or even pure hafniun1 oxide gate
will present. some limit.s in t.erms of scalabilit.y for sub-1 nm EOT. We
present. here a st.udy on Hf"TiyO z t.hin films. The dielect.ric const.ant.
of crystalline Ti02 being around 60, higher dielectric constants than
the k values of 20-25 obtained for pure HI'02 are already reported for
the n1ixture Hfa;Tiy O z [l]. The aiIu of this work is to get a first
overview of the different crystalline phases that could be fonned in
the films during the deposition of hafnium titanates by pulsed
inject.ion MOCVD (AVD™) in an Aixt.ron t.ool. The regulation of
the Ti/Hf ratio is obtained by varying the relative frequency of two
inject.ors delivering separat.ely t.he Hf(O'Bu)2(mmp)2 and
Ti(0'Prh(mmp)2 precursors. 2 t.o 30 nm t.hin films have been
deposit.ed at. 550°C on RCA cleaned (100) Si wafers. A higher Ti
concentration on top of the films has been revealed by SIMS analysis.
XRF, XPS and EELS measurement.s have been performed t.o evaluat.e
the global Ti/Hf composition in the layers. TEM observations show
that the interface between native SiO:/: layer and Si is sharp indicating
no diffusion of titanium down to the Si substrate. According to
thermodynamic considerations, HfTi04 should be formed for a Ti/Hf
ratio exceeding 0.1 [2]. This phase has not been put into evidence in
this work according to grazing incidence XRD. The global
crystallization state of the Hf,TiyO z films studied by XRD, XPS and
ATR-FTIR is shifting fron1 n10noclinic Hf02, aluorphous HC;TiyO z

phase, anat.ase Ti02 up to rutile Ti02, when increasing the Ti/Hf
rat.io from pure Hf02 t.o pure Ti02 films. It. is shown to be due t.o t.he
part.icularit.y of t.he used deposit.ion t.echnology. We report. also on t.he
related dielectric constants extracted trough capacitance
measurements as a function of the Ti/Hf rat.io. The k-value of the
deposit.ed layers is found t.o be st.able around 25-30 for a large set. of
Ti/Hf composit.ion, t.hen t.o increase up t.o 60 when the layers are
highly Ti rich. However the density of interfacial charges is increasing
with the Ti02 concentration. Selection of the Hfr Tiy 0 z lnaterials
leads to a con1prOlnise between high k value and low interface charge
density. [1] Chen, F. Microelectronic engineering 72 (2004) 26:'\-266 [21
Ruh, R. J.Am.Ceram.Soc. 59 (11-12) (1976) 495-499

SESSION G5: Poster Session: 1
Chairs: M. Fanciulli and P. McIntyre

Tuesday Evening, March 29, 2005
8:00 PM

Salons 8-15 (Marriott)

G5.1
High Quality Heteroepitaxial-GE Layers on SI by Multi-Step
Hydrogen Annealing and Re-Growth. Annual' Munir Nayfeh ' ,

Chi On Chui I , Talcao Yonehara2 and Krishna Saraswat I ;
IDepartn1ent of Electrical Engineering, Stanford University, Stanford,
California; 2Leading-Edge Technology Developn1ent Headquarters,
Canon Inc., Atsugi Kanagawa, Japan.

It is pivotal to develop new n1ethods for heteroepitaxial Gern1aniun1
(Ge) technology as Ge has been en1erging as a viable candidate to
augn1ent Si for CMOS and optoelectronic applications. Ge growth on
Si is han1pered by the large lattice n1isn1atch (4 percent), which
results in growth that is don1inated by islanding and n1isfit
dislocations, rendering the layer not useful in device application.
Misfit. dislocat.ions form at. t.he subst.rat.e/film int.erface and t.ypically
tern1inate at the filn1 surface as threading dislocations, thus degrading
device perforn1ance. We report a novel technique to achieve high
quality heteroepitaxial Ge layers on Si. The technique involves CVD
growth of Ge on Si, followed by in-situ hydrogen annealing with
subsequent growth and anneal steps and hence the nan1e Multiple
Hydrogen Annealing for Het.eroepit.axy (MHAH). Following t.he first.
Ge growth and hydrogen anneal, the Ge surface roughness fron1
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islanding is reduced by 90 percent. An ".ddit.ional C;VD Ge layer is
grown on the low roughness Ge layer followed by the final hydrogen
annealing. Franl Cross Sectional TranS111ission Electron Microscopy
(TEM), misfit dislocations are confined to the Si/Ge interface or bend
parallel to this interface, rather than threading to the surface as
expected in this 4 percent lattice 111is111atched heteroepitaxial systenl.
XRD confirmed the epi-Ge layer is single crystal and fully relaxed.
AFM indicated the final layer surface roughness is reduced to device
quality, making this technique useful for fabrication of Ge based MOS
devices, GOl substrates, or for the eventual integration of
GaAs/Ge/Si for optoelectronics. The results are discussed in terms of
reduction in the Ge diffusion barrier during hydrogen anneal l thernlal
stress, silicon diffusion, lattice 111atching, and re-crystallization.

G5.2
High Temperature Annealed Ga203(Gd203)/GaAs
Heterostructures. Yilin Huang l

, Pen Chang l
, Zhi-Kai Yang1

,

Yi-Jul1 Lee2, Hsin-Yi Lee3 , Heng-Jui Liu3 , J. Raynien Kwo2
, Joseph

Petra Mannaerts 1 and Minghwei Hong l
; IDepartnlent of Materials

Science and Engineering, National Tsing Hua University, Hsinchu,
Taiwan; 2Departn1ent of Physics, National Tsing Hua University,
Hsinchu, Taiwan; 3National Synchrotron Radiation Research Center,
Hsinchu, Taiwan.

A low interfacial density of states (Did between gate dielectrics and
GaAs is key for fabricating GaAs-based MOSFET's, which were
realized in the growth of Ga203(Gd203) dielectric films on GaAs
surface l

-
3. In particular, the inversion channel devices require a high

ten1perature annealing, which is used to activate ion in1plantation in
the source and drain regions for ohn1ic contacts. A sn100th gate
dielectric/GaAs interface upon the high teluperature annealing is
necessary for ensuring the low Dd and luaintaining high carrier
mobility in the channel of the MOSFET. Previously, the rough
surfaces and Ga203(Gd203)/GaAs interfaces during high
ten1perature annealing were caused luainly by the hydro-oxide
forn1ation, which occurs during air exposure of the dielectric fihns 4

.

The hydro-oxide fOrInation has caused the oxide deterioration and
more harmfully the interaction between the film and the substrate. In
this work, the thermodynamic stability of Ga203(Gd203), not the
hydro-oxides, with GaAs has been studied by annealing the san1ples
to high teluperatures in UHV. The salnples were all prepared in a
multi-chamber MBE system". After the oxide growth, one sample was
directly heated to 780 0 C in the UHV system without exposing to air.
Two other smuples were ren10ved frolu UHV and exposed to air for
n10nths, and then put back to UHV for annealing. We have
demonstrated that the hydro-oxides have been greatly reduced with
proper annealing in UHV. Moreover, studies using structural and
n10rphological probing tools of x-ray reflectivity (XRR), aton1ic force
n1icroscopy (AFM), and cross-sectional transn1ission electron
n1icroscopy (TEM) have revealed that the interface between
Ga203 (Gd20 3) and GaAs for all the samples remains intact with the
high teluperature annealing and the interfacial roughness is less than
0.2 nn1, a value close to that of Si02-Si interface. I-V
(current-voltage) and C-V (capacitance-voltage) n1easuren1ents
showed excellent electrical properties of the annealed
Ga203(Gd203)/GaAs, having low Dd, low leakage currents (10- 8 to
10- 0 A/cm2), and high dielectric constant of 15. The excellent results
presented are critical for developing a high-perforn1ance inversion
channel GaAs-based MOSFET. [l]M. Hong, et aI, J. Vac. Sci.
Technol. B, 14, 2297, 1996. [2] F. Ren, et aI, IEEE Int'l Electron
Devices Meeting (IEDM) Technical Digest, p.943, 1996, and also in
Solid State Electronics, 41 (11), 1751, 1997. [3] Y. C. Wang, et ai,
Mat. Res. Soc. Symp. Proc. Vol. 573, p. 219, (1999). [4] M. Hong, et
aI, Appl. Phys. Lett. 76 (3), p. 312, 2000

G5.3
Jahn-Teller Term Splittings in Transition Metal and Rare
Earth Elemental and Complex Oxides: A Sensitive Test for
Nano-Crystallites below the Level of Detection by X-ray
Diffraction. Lisa Edge", Charles Fulton2 , Gerald Lucovsky2, Darrell

Schlon1 1
, Jon-Paul Maria2 , Jan Luning3 and Robert Nen1anich2;

"penn State University, State College, Pennsylvania; 2NC State Univ,
Raleigh, North Carolina; 3Stanford Synchrotron Radiation
Laboratory, Menlo Park, California.

High-resolution x-ray absorption spectra (XAS) for transition lnetal
(TM) elemental, and complex oxides reveal Jahn-Teller (J-T)
term-split d-state features associated with local bonding distortions.
In this paper, these tern1 splittings are shown to provide a sensitive
test for nano-scale crystallites that are below the level of detection by
conventional x-ray diffraction (XRD). Complex oxides have been
grown by reactive evaporation in UHV MBE chan1bers using effusion
cell sources for LaSc03 and LaAI03, and e-bean1 evaporation sources
for HfxTi1-x02 and ZrxTi1-x02 with x = 0.33, 0.50 and 0.67. X-ray
absorption spectra were obtained at the Stanford Synchrotron
Research Laboratory (SSRL) in the spectral range from 300 to 1250

eV. J-T term-split states, ~ 0.5 t.o 1.5 eV, were found for the Sc L2,3
and 0 K1 edges in LaSc03, and La M2,3 and 0 K1 edges in LaAI03.
In contrast, M2,3 spectra for La in LaSc03 displayed a single d-state
feature indicating a syn1n1etric 12-fold coordination for La. Sc L2,3
J-T term splittings were obtained in as-deposited films (~25 C), and
films annealed in inert ambients at 700 C and 1000 C. The t.hreshold
annealing temperature for detection of crystallites by XRD was 800 C.
The Sc L2,3 edge J-T d-state term splittings, and single La M2,3
d-state featnre are indicative of a crystalline structure. Spectral
line-widths of L2,3 features decrease by n10re than 2x as the annealing
temperature is increased from 700 to 1000 C. The line-width of the
5d-feature in the La M2,3 edge doesn't change with annealing, and is
> 5x greater than the L2,3 features due to a short core hole life-time.
Con1plete ren10val of d-state degeneracies at the six-fold Sc site is
consistent with an orthorhombic distortion of the perovskite crystal
structure. Tern1 splittings of the La M2,3 and a K1 edges in
as-deposited LaAI03 films indicate a complete removal of the La
5d-state degeneracy, leading to a rhombohedral distortion of the
perovskite crystal structure. Term splittings in the Ti L2,3 T2g
p-states are the san1e in Ti02 and all Hf(Zr) con1plex titanate oxides.
In contrast, term splittings for L2,3 Eg s-states are more sensitive to
second neighbor transition n1etal bonding, displaying dependence on
alloy con1position indicative of nano-crystalline order. Con1plen1entary
tern1 splittings of the a K1 edge spectra, and shifts in valence band
spectral features in ultra-violet photoen1ission spectroscopy are also
consistent with nano-crystalline order in both as-deposited and
annealed filn1s at all con1positions studied, even though crystalline
phases are not reported at these cOlupositions in equilibriun1 phase
diagran1s.

G5.4
Interfacial Study of High K Dielectrics TiN/Hf02/Si Gate
Stack for Nano CMOS. Wei-Chin Lee", Chi-Hsin Chu", Yi-Jun
Lee 1

, KouLiang Jaw 1
, Kuen-Yu Lee 1

, C. H. Pan2, Ya-Ling Hsu3, Pen
Chan?l, Yilin Huang1

, T. Gustafsson4
, E. Garfunkel4 , Minghwei

Hong and J. Raynien Kwo3 ; IDepartn1ent of Materials Science and
Engineering, National Tsing Hua University, Hsinchu, Taiwan;
2Departn1ent of Materials Electronic and Engineering, National Tsing
Hua University, Hsinchu, Taiwan; 3Departn1ent of Physics, National
Tsing Hua University, Hsinchu, Taiwan; 4Departn1ent of Physics,
Rutgers University, Piscataway, New Jersey.

The latest International Technology Roadn1ap for Sen1iconductors
(ITRS) shows that the thickness of the Si02 gate oxide is now
approaching the quantun1 tunneling lin1it rv1.0-1.5nn1, and calls for
identifying highK: dielectrics to replace Si02 in gate related
applications by the year 2007 for 45 nm CMOS. However, the progress
toward attaining high perforn1ance high K:CMOSFET has been
hampered due to the lack of good thermodynamic stability of the
Si/high Kdielectrics interface. Traditional film growth method such as
sputtering and the n1anufactured preferred tool of aton1ic layer
deposition inevitably led to forn1ation of sub nn1 thick interfacial layer
due to chen1ical reactions, thus severely lin1iting the outlook of
reducing the equivalent oxide thickness (EOT) below 1.0 nm. We have
overcome such problem by employing the MBE method to grow high
K dielectric Hf02 films on clean Si (100) surface. The Hf02 films were
deposited fron1 an e-bean1 evaporator using Hf02 ceran1ic pellets as
the source, thus producing bounded Hf02 n10lecules arriving at the Si
surface, and preventing direct exposure of the Si surface to oxygen.
The oxygen partial pressure during growth is kept at about 10-8 torr,
hence the oxidation of the Si surface can be effectively avoided. Based
on extensive characterizations including RHEED, ellipson1etry, x-ray
reflectivity, TEM, XPS, and MEIS, we have demonstrated for the first
tin1e an aton1ically abrupt interface between an1orphous Hf02 filn1
and Si free of Si02 or silicate forn1ation, and the interface ren1ains
stable even after vacuun1 anneal up to 530°C. This abrupt high K:

dielectric lSi interface achieves a significant saving of EOT to be
under 1.0 nn1, and in1plies a good possibility for interfacial engineering
on the aton1ic scale in order to achieve a low interfacial state density
Di,t con1parable to the Si/Si02 case. Typical 4.9 nn1 thick an10rphous
Hf02 filn1s showed low leakage current density rvOAA /cn1 2 at IV, a
dielectric constant K: of 20.7, and an EaT of 0.9 nn1. After annealing
up to 530°C, leakage current density showed substantial reduction
with the ren10val of frequency dispersion. But when vacuun1 annealed
at 630°C, leakage current density increases sharply. It n1ay result
fron1 the recrystallization of the an1orphous filn1, and causes current
leakages along don1ain boundaries. FurtherInore, self-aligned high
??MOSFET devices have been successfully fabricated using a LOCOS
isolation process with a typical gate length of 2 p.,n1. Alnong n1any
candidates, TiN is widely applied as a n1etal gate electrode due to its
high thermal stability and process compatibility. TiN films were
forn1ed by reactive sputtering fron1 a pure Ti target through thennal
nitridation in N 2 alubient. In addition, furnace anneals and rapid
thern1al anneals at various ten1perature have been carried out to test
the thermal stability of TiN/Hf02/Si gate stack, and to further
in1prove the electrical perforInance.
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G5.5
Thermochemistry of Fluorite and Pyrochlore Phases in
Hf02-La203(Gd203) Systems. Sergey V. Ushakov ' , Alexandra

Navrotskyl, Jean A. Tangelnan2
, Katheryn B. Helean3 and Alex

Demkov4
; 'Thermochemistry Facility and NEAT ORU, University of

California at Davis, Davis, California; 2Containerless Research, Inc.,
Evanston, Illinois; 3Sandia National Laboratory, Albuquerque, New
Mexico; 4Freescale Seilliconductor, Austin, Texas.

The crystallization temperature of amorphous Hf2La207 is higher
than 900 0 C, which is one of the properties that lllakes it a candidate
for an advanced gate dielectric [1]. Both disordered fluorite-type and
ordered pyrochlore-type phases in the Hf02-La203 system can be
obtained on crystallization of an uillorphous precursor. Hf2La207 can
be grown epitaxially on silicon [2]. Thus, the relationship between
fluorite and pyrochlore phases in the Hf02 -La203 system and the
effects of nonstoichio111etry on their stability and properties are of
interest. We applied containerless processing using aerodynalnic
levitation coupled with laser heating to prepare samples of Hf"Lay07
and Hf2Gd20 7 by melt quenching. All prepared samples were
crystalline. As-prepared Hf2Gd207 was mostly fluorite-type, which
ordered into pyrochlore on annealing at 1450 0 C. As-prepared
Hf"La,,07 was mostly pyrochlore-type with a cell parameter which
increased from 10.74 to 10.87 A with La content. Enthalpies of
formation of Hf2La207 and Hf2Gd20 7 pyrochlores from binary oxides
were measured as -104 ±5 kJ/mol and -54 ±5 kJ/mol using high
temperature oxide melt drop solution calorimetry and found to be
close to their zirconate analogues. The effect of non-stoichionletry on
fluorite-pyrochlore phase stability will be discussed. [11 S.V. Ushakov,
C.E. Brown, A. Navrotsky, J. Mater. Res. 19(3) 1 (2004) [2] G.
Apostolopoulos, G. Vellianitis, A. Dinloulas, J.C. Hooker, T. Conard,
Appl. Phys. Lptt.. 84(2) 2flO (2004)

G5.6
Size Dependent Hall Mobility in a High Germanium Content
SiO.lGeO.9 Alloy Layer for MODFET Structure Grown by
MBE. Joo-Young Lee, H.J. Kim, Dongho Cha, Filipp Baron and
Kang L. Wang; Electrical Engineering, Device Research Laboratory,
UCLA, Los Angeles, California.

The size dependence of Hall mobility has been investigated with van
del' Pauw patterns in a high gernlaniunl content Sil-XGeX (x=90%)
alloy layer grown by MBE (Molecular Beam Epitaxy). Raman
Spectroscopy (Ranishaw 1000 u-Raman system, Ar ion laser 514.5
nm) and AFM (Atomic Force Spectroscopy) are also employed to
evaluate the residual strain and surface nlorphology of the epi layers,
respectively. The results show an exponential increase of electron
mobility at 77K as the size decreases below 1x104 um2. Meanwhile,
roonl tenlperature nlobility increases linearly as the size decreases
from 1x106 um2 to 25 um2. This trend suggests that the mobility of
the SiGe layers is nlainly linlited by crystal inlperfections and
interface roughness, which are generated during the epitaxial growth
and partial strain relaxation. The 96% of relaxation and 8.4~9.5nm of
rnlS roughness are observed in Ranlan spectra and AFM inlages. It is
thus suggested that nanoepi can be used to reduce dislocations and
inlprove nlorphology for the higher nlobility epi grown layers. We
conclude that higher mobility can be achieved with epi layers in
nanonleter scale for the next generation electronic and photonic
devices. Furthernlore nano-epitaxial growth can be used for the
integration of different lattice nlisnlatched nlaterials and Si.

G5.7
Crystalline and Amorphous LaAl03 Grown on Si(OOl) by
MBE. Sebastien Gaillard1.2, Mario Kazzi 1 , Michel Gendryl, Laetitia

Rapenne3, Bernard Chenevier3 and Guy Hollinger ' ; 'Ecole Centrale
de Lyon - LEOM-UMR CNRS 5512, Ecully, France; 2ST
Microelectronics, Crolles, France; 3LMGP - ENSPG/INPG - UMR
CNRS 5628, St Martin d' Heres, France.

Downscaling of CMOS devices requires for an equivalent oxide
thickness (EOT) of the gate dielectric less than 1 nm as well as a low
gate leakage current. LaA103 (LAO) perovskite oxide is a potential
high-k dielectric candidate for the replacement of Si02 in the sub-50
nm CMOS technology on Silicon. Among many possible deposition
methods, Molecular Beam Epitaxy (MBE) has shown to be an
adequate technique for preparing high-k dielectrics because it can
produce high quality crystalline films with atomically sharp interfaces.
The aim of this work is to investigate the potentiality of MBE tools
(including evaporation cells and e-guns) to prepare high quality LAO
filnls and interfaces on Silicon. In a first step, the hOlnoepitaxial
growth of LAO was denlonstrated for growth tenlperatures higher
than 500 C. LAO layers are amorphous below 500 C. Then, amorphous
and crystalline LAO films were grown on p-type Si(OOl) substrates.
We show that the conlprolnise between the growth telnperature Tg,
the deposition rate, and the oxygen partial pressure controls the
properties of LAO films. LAO layers directly grown on Si(001) appear
nlade of n1ulti single crystal don1ains in the 650-750 C growth

temperature range, as observed by RHEED, TEM and AFM. Tn oropr
to improve the quality of the LAO crystalline layers, various La-Si
and Al-Si epitaxial atonlic layers as intennediate buffers between LAO
and Si(OOl) have also been investigated and optilnized. Finally,
several factors which influence the quality of the high-k oxides, such
as the thennodynan1ical stability of the oxide-silicon interface, the
growth of interfacial Si02 and the layer's Inicrostructure, were
studied, using a large range of in-situ and ex-situ characterization
techniques, such as XPS, AFM, TEM, RBS, and ellipsometry.

G5.8
New Tailored Precursors for the MOCVD of Group IVB
Metal Oxides: High-k Application. Reji Thomas ' , Peter

Ehrhart l , Raghunandan Bhakta2, Urnlila Patil2
, Anjana Devi2 and

Rainer Waser'; 1 IFF-Institut for Festkorperforschung and CNI-Center
for N anoelectronic Systen1s for Infonnation TechnologYl
Forschungszentruln, Juelich, Gern1anYi 2Anorganische Chen1ie II,
Ruhr-Universitat Bochunl, Bochunl, Gennany.

Imminent replacement of Si02 gate oxide in the MOSFET is
predicted by the ITRS roadmap with a high-k ( k>3.9) mat.erial in
near future to cope up with continuing scaling of integrated circuits.
Among many probable candidates, group IVB metal oxides, like Zr02
and Hf0 2 are considered for gate oxide applications and hence
deposition of these materials with a industry friendly, high
throughput, MOCVD reactor and fine tuned new precursors are of
technological in1portance. Precursor developn1ent was perforn1ed on
the line of chelnical and thennal stability without increasing the
vaporization tenlperature, to have deposition at lower telnperature
without n1uch carbon content in the grown filn1s. Present work
introduces a new type of precursor, which is sinlilarly applicable for
all Group-IVB metals: beta ketoesters were combined with alkoxides
of Ti, Zr and Hf resulting in mononuclear Ti(O'Pr)2 (tbaoac)2[1],
Zr(O'Pr)2 (tbaoach[2], Hf(O'Prh (tbaoac)2 [3] precursors. The
properties of these precursors are con1pared to con1n1ercial precursors
for the examples: Ti(Oi pr)2 (thd)2 and Hf(OBu t )2 (dmae)2.
Depositions were performed in a multi-wafer AIXTRON 2600G3
reactor using liquid injection of 0.05n1olar precursor solutions. Highest
efficiency obtained with the new Ti- precursor was par with the
standard thd precursor, but renlark.:'1bly at a lower tenlperature, thus
the prospect of low temperature deposition is bright. Compared to the
new Ti-precursor Zr and Hf showed a reduction in the efficiency, but
still showed a reasonable deposition at lower ten1perature and peaked
in the san1e tenlperature range, thus allowing the nlixed oxide
deposition anlong then1selves. X-ray reflectance and AFM showed
good sn100thness with a surface roughness $,,-,0.3nn1. Density of the
film was lower in the case of as-deposited films, but improved greatly
after post-deposition annealing. Electrical properties of ultra-thin
films on Si(100) was studied in terms of Capacitance-Voltage and
Current-Voltage characteristics. Interface charge density (D it ), Flat
band voltage (Vn,) , Equivalent oxide thickness (EOT) were deduced
from the high frequency C-V characteristics. Finally, leakage current
density of these three films were shown as a function of EOT and
con1pared with the corresponding Si02 filn1s. References l.R.Bhakta,
R.Thomas, F.Hipler, H.Bettinger, J.Muller, P.Ehrhart and A. Devi, J.
Mat. Chem, 14, 3231 - 3238(2004). 2.R. Thomas, S.Regnery,
P.Ehrhart, R.Waser, U.Pati!, R.Bhakta and A.Devi: Ferroelectrics
(accepted, 2004). 3.A.Baunelnann, R. Thonlas, R.Becker, M.Winter,
R.A. Fischer, P.Ehrhart, R.Waser, and A.Devi, Chenl Con1nl,
1601-1602 (2004).

G5.9
Analysis of Leakage Current in Sputter-deposited HfSiON
Films with High Hf and N Concentrations. Masahiro Koike,
Tsunehiro Ino, Yuichiro Mitani and Akira Nishiyalna; Advanced LSI
Tech. Lab., Corporate R&D Center, Toshiba, Kawasaki, Japan.

HfSiON is a prOlnising gate insulator for application in
next-generation LSls. We have previously reported that films with
high Hf and high N contents (Hf/(Hf+Si) ratio~80%, [N]>~20at.%)

exhibited high dielectric constant ("-'25) for a silicate, high thern1al
stability (>lOOOoC), and high in1nlunity to boron penetration in
ultra-thin films (EOT~0.6nm) [1]. Besides, it has been revealed from
RBS, XPS, and REELS n1easuren1ents that this n1aterial consists of
Hf-N bonds forming insulating Hf3 N 4 or its alloy with Hf02; however,
the effect of Hf-N bonds on the leakage currents in the films has yet to
be clarified. In this study, we investigated the leakage current in
HfSiON containing high Hf and high N concentrations using
Metal-Insulator-Metal (MIM) capacitors with thick films (~lOOnm).

The use of the thick dielectric films allows us to avoid the influence of
an interfacial layer (IL) between HfSiON film and Si substrate on the
leakage currents, and to sin1plify the detennination of the electric
field. The films were deposited on n+Si(100) or
HfSi(~5nm)/n+Si(100)substrates by the co-sputtering of Hf and Si in
02/N2/Ar ambient. The Hf/(Hf+Si) ratio was set to 80%, and the [N]
were 0, 10, 20, and 35at.%. Various metals with different work
functions (AI, TiN, Mo, and Au) were deposited on the film as the
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gate electrodes. These different nletals enable us to exanline the effect
of the different work functions on the leakage current. We nleasured
the I V characteristics at various temperatures (20-473K) and in a
wide range of voltage (-100~100V). Due to the increase of [N] from 10
to 20at. %, the abrupt increase of the leakage current was observed,
coinciding with the Hf-N formation inside the film [1]. In the films
with Hf-N bonds, Poole-Frenkel (P-F) plots of the IV characteristics
at high temperatures clearly showed the P-F effect saturation [2]. The
trap level obtained fronl these plots was rvO.geV, and renlained
unchanged with further increase in [NJ. Since leakage currents are
extremely sensitive to work functions of electrodes for the quantum
nlechanical tunneling, they should be different by several orders of
nlagnitude if this is the case; however, the IV characteristics for the
different electrode nletals were alnlost the saIne, even at low
tenlperatures. For this reason, we conclude that the nlajor conduction
mechanism of the sputter-deposited HfSiON films with high Hf and
high N concentrations is bulk liInited current: P-F conduction at high
tenlperatures and trap assisted tunneling at low tenlperatures. [1] M.
Koike etal., IEDM Tech. Dig. 107 (2003). [2] W. R. Harrell and J.
Frey, Thin Solid Films, 352, 195 (1999).

G5.10
Paramagnetic Centers in Hafnium Oxide Films on Silicon.
Jason T. Ryan 1

, Jason P. Canlpbell 1
, Thonlas G. Pribicko 1

, Patrick

M. Lenahan 1
, John F. Conley2 and Wilnlan Tsai3 j lEngineering

Science, Pennsylvania State University, University Park, Pennsylvania;
2Sharp Labs, Canlas, Washington; 3Intel, Santa Clara, California.

We have investigated paranlagnetic defects in hafniunl oxide filnls
prepared under a fairly wide variety of processing paranleterSj nlost
films were deposited with atomic layer deposition. Deposition took
place on both hydrogen tenninated silicon and on silicon substrates
upon which a thin chelnical oxide had previously been grown. In all
sanlples, we observe Si/dielectric interface defects silnilar to the
Si/Si02 interface PI) centers. However, we note differences between
the g tensors of defects observed in hydrogen terminated silicon
substrate sanlples and those observed on the thin chenlical
oxide/silicon substrate sanlples. In hydrogen ternlinated substrate
samples we consistently observe shifts in the g perpendicular
conlponent of the g tensor toward higher values than those found in
Si/Si02 structures. This is not necessarily the case in hafnium oxides
films deposited upon very thin Si02 films on silicon. We also observe
several paranlagnetic centers in the dielectrics thelnselves. As
previously reported,' we have observed a likely O 2 - center. In
addition, in sonle sanlples we observe a narrow ESR spectra with zero
crossing g values very close to that of the free-electron g = 2.001 to
2.003. The density of these paranlagnetic defects are strongly
processing dependent. We speculate that these centers are within the
dielectric but very near the silicon substrate, and likely involve an
unpaired electron on a silicon atonl in the oxide. 1 A. Y. Kang, P. M.
Lenahan, and J. F. Conley, Jr., Appl. Phys. Lett. 83, 3407 (2003).
Work at Penn State was supported by the Semiconductor Research
Corporation through Intel Corporation Funding.

G5.11
First Principles Based Kinetic Monte Carlo Modeling of the
Hf02 Film Roughness in an ALD Process. Inna Iskandarova ' ,
Elena Rykova 1

, Andrey Knizhnik 1
, Stanislav Unlanskii 1

, Alexander

Bagatur'yants ' , Boris Potapkin ' and Mattew Stoker2
; 'KINTECH

Ltd, Moscow, Russian Federation; 2Freescale Senliconductor, Tenlpe,
Ari7,ona.

The roughness of a hafnia fibn deposited by atolnic layer deposition
(ALD) is studied as a function of the deposition conditions using a
kinetic lattice Monte Carlo (KLMC) model and quantum-chemical
calculations of elementary surface reactions. The reduced chemical
mechanism of Hf02 film growth for the KLMC model was obtained
from the detailed kinetic mechanism of hafnia ALD proposed
previously [1]. The kinetic parameters of the diffusion processes on
the hafnia surface that can affect the filnl roughness were deternlined
on the basis of first-principles calculations. It is shown that proton
hopping along oxygen rows on the hafnia surface is characterized by a
small diffusion barrier of about 15 kcal/mol. Therefore, 2D diffusion
on the hydroxylated Hf02 surface is fast. The adsorbed HfCl4
precursors are extremely mobile on the oxide surface, due to the small
diffusion barrier (about 8 kcal/mol), while chemisorbed HfClx metal
groups are virtually inlnl0bile at low tenlperatures, because the
diffusion barrier is large ( > 35 kcal/moI). Based on these results the
KLMC model of Hf02 film growth was extended to describe the film
roughness at low temperatures T < 400C. This morlel shows t.hat. t.he
Hf02 film roughness weakly depends on t.emperat.ure for T < 300C
and increases as about LO.4 with fibn thickness L. A conlparison of
the film roughness for ALD and PVD deposition techniques is also
rlisclIsserl. [1] M. Deminsky, A. Knizhnik, I. Belov, et. al" Surf. Sci.
549 (2004) 67
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AI2 0 3 Dielectric Thin Films Fabricated by Single and Double
Temperature Atomic Layer Deposition. Salvador Duenas 1

,

Helena Castan 1
, Hector Garcia1

, Juan Barbolla1
, Kaupo Kukli 2 and

Jann Aarik3
; 'Elect.ronica, Universidad De Valladolid, Valladolid,

Valladolid, Spain; 2 Inst.it.ut.e of Experiment.al Physics and Technology,
Tartu, Estonia; 3Institute of Physics, Tartu, Estonia.

This work present a conlparative electrical characterization of
nletal-insulator-selniconductor (MIS) structures fabricated single and
double tenlperature atonlic layer deposition atonlic layer deposited
(ALD) Al 2 0 3 dielectric thin films on silicon substrates. The interface
states as well as defects inside the insulator bulk were nleasured by
using capacitance-voltage (C-V), deep level transient spectroscopy
(DLTS) and conduct.ance-t.ransient. (G-t.) t.echniques. The Al2 0 3 films
were deposit.ed using AlCl3 and H20 as t.he precursors. Single
tenlperature ALD sanlples were grown by varying growth
tenlperatures between 300 and 800 C, whereas thickness ranged
between 2.5 and 6.2 nm. Some Ab03 films (Tabel 1) were deposited,
however, on a buffer layer that was grown in the sanle process by
using 15 ALD cycles at. 300 C. Aft.erwards, a second layer was grown
at higher tenlperatures ranging fronl 400 to 800 C. A description of
t.he fabricat.ed samples is included in Table I. The t.hickness values of
the fibns deposited for electrical nleasurenlents ranged fronl 2.5 to 8
nnl. Potential advantages of using two growing telnperatures consist
on the fact that the very first ALD cycles define the
dielectric-senliconductor interface quality. An upper layer is grown at
higher ALD t.emperat.ure in order t.o improve t.he bulk dielect.ric
propert.ies. These films were t.oo t.hin for reliable composition analysis.
However EPMA Ineasurenlents perfonned for thicker £1lnls grown
under sinlilar conditions denlonstrated that the concentration of
residual chlorine was 2-3 atolnic % in the Al203 £1lnls grown at
270-365 C and below 1 at.omic % in t.he films grown at. 470 C and
higher tenlperatures. The experinlental results show that the sanlple
T991 (15 cycles at 300 C-120 cycles at 500 C) shows the best
propert.ies: near zero flat. band voltage shift. and hyst.eresis in C-V
curves and the lowest interface state (lxl0" cm- 2 eV- 1

) and DIGS
(1.4 xl0" cm- 2 eV- 1

). In cont.rast., samples T965 and T966 shows
the poorest results in ternlS of interface states (2xl0 11 cnl- 2eV- 1

)

and DIGS (3xl0" cm- 2 eV- 1
). In t.hese samples, t.he only layer or t.he

upper one, respectively, were grown at the highest teInperature (800
C). That suggests to us that using very high teInperatures yield
defective dielectric £1lnls. Moreover, salnple T965 shows the nlaxinlunl
flat band voltage shift (1 V). More detailed experimental results and
discussion will be presented during the conference.

G5.14
Design and Material Characterization of a Complimentary
Fowler-Nordheim Tunneling Transistor. Lit Ho Chong, Kanad
Mallik and C. H. De Groot.; School of Elect.ronics and Comput.er
Science, University of Southanlpton, Southanlpton, United Kingdonl.

The downscaling of MOSFETs is facing it.s fundament.al limit. due t.o
quantunl nlechanical and short channel effects. One of the approach
to the problem is to replace the MOSFET with a new type of device.
We propose a new field effect transistor, the vertical nletal insulator
semiconduct.or t.unnel t.ransist.or (VMISTT) which is a modified
version of t.he met.al oxide t.unneling t.ransist.or (MOTT). The
principle of operating of the device is based on the Fowler Nordheinl
Tunneling of carriers t.hrough an insulat.ing layer, wit.h t.he probabilit.y
of the tunneling being nlodulated by the gate electrode. The nlain
advant.ages of MOTT are scalabilit.y t.o nanoscale, high speed, simple
fabricat.ion process and eliminat.ion of short. channel effect.s. VMISTT
is different. from MOTT in t.wo import.ant. aspect.s. First., t.he met.allic
source in MOTT is replaced by doped silicon. By choosing a suit.able
tunnel insulator and Inetal drain, it is possible to nlake both n-type
and p-type devices and hence complimentary devices. Secondly, the
vertical structure will allow better control on nlaterial growth and
device processing. The tunnel insulator can be grown by conventional
process such as evaporation followed by thermal oxidation. This will
help to reduce the leakage current and hence enhance the perfornlance
of the device. Subsequent processing can continue along the sanle lines
as t.he vert.ical MOSFET's wit.h t.he gat.e oxide replaced by a high-k
dielectric. We have grown Ti02 layers as the tunnel insulator by
oxidizing 7 and 10 nIn thick Ti nletal £1lnls vacuuln-evaporated on
silicon substrates. MOS capacitors were fabricated to characterize and
opt.imize the tunnel insulator. Ti02 is a suit.able candidat.e for t.unnel
insulator as its band off-set is approxilnately equal for electrons fronl
the conduction band and holes in the valence band. The quality of the
oxide filnls show variation, depending on the oxidation tenlperatures
in the range of 450-550C. Fronl current-voltage and
capacitance-voltage techniques, the leakage current through the oxide
is shown to decrease as the oxidation teInperature increases. The
dielect.ric const.ant.s of t.he oxides are in t.he range of 20 t.o 40.
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Fowler-Nordheinl tunneling is observed clearly at roonl tenlperature
at bias voltage of 2V and above and a barrier height of 0.4eV is
extracted. Leakage currents present are due to Schottky barrier
enlission at roonl teinperature, and hopping at liquid nitrogen
temperature. Also, the variation in Fowler-Nordheim tunneling with
metal work function will be shown experimentally and simulations of
the operation of the new device will be discussed.

G5.15
ALD Grown Zr02/Ti02 Nanolaminate Layers for High-k
Gate Dielectric Applications. TaeKwan Oh, Daekyun Jeong and
Jiyoung Kinl; Kooknlin University, Seoul, South Korea.

Si02 as a dielectric of gate structure for CMOS has been facing the
scaling linlitation due to direct tunneling current and reliability
problenls. There are several candidate dielectrics as alternative gate
dielectrics such as HI'02, Zr02, Ti02, ZrSi04, etc. Even though Ti02
has much higher dielectric constant than Si02 and Zr02, it has low
band gap about 3-4 eV and poor thermal stability, which results in
TiSi metal compound. On the other hand, Zr02 shows better thermal
stability and higher band-offset which results in smaller leakage
current. In order to inlprove thernlal stability and electrical properties
for gate dielectric applications, we investigate characteristics of
nano-iaininate structured Zr02 and Ti02 thin filnls grown by atonlic
layer deposition (ALD) using a metal-organic precursors, zirconium
t-butoxide and titanium-isopropoxide. At the same time, we used
oxidizer with water (H20). The multilayer films have higher
capacitance and lower leakage current than Zr02 single layer. When
post-deposition annealing was perfornled at ,'100 0 C, nlultilayer thin
filnls increase the capacitance and reduce the leakage current. These
results nlay conle fronl through fonnation and crystallization of
ZrTi04 layer which results from alloying of Zr02 and Ti02 layers.
The electrical characteristics of the nanolanlinate structure capacitors
will be discussed based on C-V and I-V behaviors. At the same time,
the n1fl,teri<1Js characteristics will he also discussed hased on
cross-sectional TEM and AES (Auger-Electron Spectroscopy) results.

G5.16
Valence and Conduction Carrier Effective Masses and Optical
Properties of Three Phases of Zirconia. Luisa M. R. Scolfaro ' ,
A. T. Lino l , J. C. Garcia!, V. N. Freire2

, G. A. Farias2 and E. F. da
Silva3 ; lMaterials Science, Physics Institute, University of Sao Paulo,
Sao Paulo, Brazil; 2Physics DepartInent, Federal University of Ceara,
Fortaleza, Brazil; 3Physics Departn1ent, Federal University of
Pernan1buco, Recife, Brazil.

Zirconia (Zr02) is one of the Inost in1portant high-dielectric constant
materials for silicon dioxide replacement due to the shrinkage of the
gate oxide thickness to less than 10 11111. Recently, it was shown the
possibility of the existence of the n10noclinic, tetragonal, and cubic
phases in Zr02 filIns deposited on fused silica due to annealing at
different ten1peratures. The crystalline structure of the gate oxide
after annealing processes is a key issue for the device operation. Son1e
results based on first principle calculations of the structural and
optical properties of Zr02 were already published, but without either
taking into account relativistic effects or explicitly presenting values
for the Zr02 carrier effective Inasses, which are fundan1ental to the
n10deling of tunneling currents through floating gate dielectric
n1en10ry devices with Zr02 as the tunneling oxide, for exan1ple. In
this work, we present state of the art full-relativistic calculations of
optical properties derived fron1 electronic structure, e.g. dielectric
function, refractive index, reflectance, as well as the carrier effective
n1asses of Zr02 in the n10noclinic, tetragonal and cubic phases. We
obtain the conduction- and valence-band effective n1asses in the n10st
important symmetry directions, which are shown to be highly
anisotropic. Relativistic effects are den10nstrated to be in1portant for
a correct evaluation of the effective masses values and the detailed
structure of the frequency dependent dielectric function. Our results
compare well with the experimental findings.

G5.17
Interface Oxides in Ozone-Based ALD Grown High-k
Dielec.tric. Layers on Si. Wesley R. Nieveen l , Yoshi Senzaki2 and

Hood Chatham2
; 'Evans Analytical Group, Sunnyvale, California;

2 Aviza Technology, Scotts Valley, California.

There has been great interest and considerable effort in understanding
the forn1ation and growth of interfacial oxide layers between the Si
substrate and deposited high-k dielectric layers. Under certain
conditions a Si02-like layer is forn1ed under an Hf02 layer, while in
other circun1stances and conditions, aln10st no interfacial layer is
formed with deposition of HfSiON. Intermediate cases of layers of
apparent Si-rich silicates have been suggested as interface layers in the
deposition of Hf silicates. In any event, there is a need to know what
kind of interface layer (if any) has fanned, how thick is it, what is its
non1inal cOIn position, and under what conditions of substrate
pretreatInent, deposition conditions, post-deposition treatlnents, etc.

cause a specific type of interface layer to form. Knowledge of these
interface layer properties is fundamental to device performance where
the total gate dielectric constant is a function of whether the interface
layer is a lower k, Si02 type nlaterial or a higher k, Si-rich high-k
silicate. In this work, we report on the formation and analysis of
interface layers from the deposition and treatment of ALD deposited
hafnium oxide and hafnium silicate films on Si. ALD films have been
grown on HF-last treated Si substrates using liquid n1etal-organic
precursors and ozone. HI'O 2 was deposited using TEMAHf and
hafniun1 silicate was deposited using a novel precursor co-injection of
TEMAHf/Si mixed vapor in an ALD mode (ref: .T. Vac. Sci. Techno!.
A. vo!.22, p.Il75, 2004). It is known that H 2 0-based HI'O 2 ALD
processes fron1 an inorganic HfCl 4 precursor suffers fron1
discontinuous 'island' growth on a hydrophobic surface at the
nucleation stage. In the ozone based ALD using the metal amide
precursor in the present study, no such discontinuity was observed by
cross section 'rEM analysis for I2l\ HI'O 2 grown on HF-last Si
substrates while approxin1ately lOA of interface layer was grown. This
feature helps to scale high-k dielectric layers to meet sub-65nm node
requireinents for advanced gate stacks. Characterization and analysis
of the filn1s and the interface layer have been exan1ined using XPS,
TEM, RBS, and ellipson1etry. Differentiating between a Si-rich silicate
interface layer and the HI'O 2 or silicate dielectric layer compared to
the n10re straightforward Si02 -Hf02 C<1,Se is exalnined.

G5.18
Gd 2 0 3 Gate Dielectric Grown on n-type GaN by Pulse
Electron Beam Deposition. Christian Mion and John Muth; ECE,
North Carolina State University, Raleigh, North Carolina.

We report on a novel growth technique for the deposition of Gd 2 0 3

(5.3 eV) on n-GaN (3.4 eV) at relatively low temperatures. Gd 2 0 3

thin films approximately 100 lUll thick were grown on n-GaN by pulse
electron deposition (PED). XRD on films grown at 650°C revealed
that the monoclinic phase (-201) coexists with the cubic phase (Ill).
By lowering the growth temperature to 450 °c, XRD shows that
Gd203/ /GaN is highly oriented cubic (Ill). The effect of the
ten1perature on the epitaxial relationship between the filn1 and the
underlying GaN layer is addressed. 5x5 Uin AFM scans delnonstrate
an excellent nns surface roughness of 1. 7nn1 whereas the rn1S surface
roughness of the underlying GaN layer is measured to be 1.5nm. In
addition, similar results are obtained for the growth of Gd2 0 3 on
AboGa70N. At low biases the films were insulating, but an
exponential increase of leakage current was observed that was
attributed to the relatively small band offset between the Gd203 and
the wide band gap senliconductor. CV n1easuren1ents for the cubic
phase films grown at 450°C showed low hysteresis. The very low
surface roughness and conforn1al nature of the deposition with the
prelin1inary electrical results indicate that pulsed electron bean1
deposition is a viable n1eans to explore the forn1ation of novel gate
dielectrics on wide band gap senliconductors.

G5.19
Thermal Desorption of Bulk Trapped Hydrogen in Hf02/Si
Structures. Vaishali Ukirde, ChangDuk Lim and Mohamed El
Bouanani; University of North Texas, Denton, Texas.

Hydrogen plays major role in semiconductor technology, due to its
pervasiveness in a variety of processes such as deposition and post
annealing of electronic structures. Therefore, it has becon1e
increasingly inlportant to better understand the properties and
behavior like trapping and release of hydrogen in sen1iconductor in
order to iinprove electronic perforn1ance of the structures. Hydrogen is
known to have most ambivalent (both beneficial and harmful effects)
behavior in MOS devices. Trap transforn1ations under annealing
treatn1ents in hydrogen an1bient is known to be highly efficient in
in1proving the device characteristics by passivating defects at the
Si02/Si interface. Con1parable behavior is observed in the high-?
dielectrics based Metal-Oxide-Semiconductor (MOS) structures.
Despite wealth of electrical knowledge there is little direct information
about the actual location and concentration of hydrogen and effects
under hydrogen annealing in high-? dielectrics based MOS devices.
The effect of processing an1bient and annealing tin1e on the hydrogen
trapping and release will be reported. Elastic Recoil Detection
Analysis was used to characterize the evolution of hydrogen in the
bulk of oxygen pre-processed Hf02/Si structures during annealing in
Forming Gas. Thermal desorption study of hydrogen from Hf02/Si
structures in vacuun1 will be presented. Acknowledgen1ents: This work
is supported by the Texas Advanced Technology Program (*)
Corresponding Author: M. El Bouanani, Phone: (940) 369-8109,
E-n1ail: bouanani@unt.edu

G5.20
Electrical Properties of Hf02 /SiO,,,, Hf02 /Si02 and
Hf02/SiON Stacks on Si as an Alternate High-k Gate Oxide
Material. Reji Thon1as l , Eduard Rije2, Peter Ehrhart l , Siegfried

Mantl2 and Rainer Waser l ; 1 IFF-Institut for Festkorperforschung and

176



CNI-Center for Nanoelectronic Systems for Information Technology,
ForschungszentrU111, Juelich, Genllany; 2ISG-Institut for Schichten
und Grezflachen and CNI-Center for Nanoelectronic Systems for
Infornlation Technology, ForchungszentrU111, J uelich l Gennany.

The implementation of high-k materials into CMOS process flow
presents a lot of challenges for future ULSI. Hf0 2 has high potential
for this kind of applications due to its large energy-band gap,
high-dielectric constant and compatibility with conventional CMOS
processes because of the thermal stability with under-laying Si
substrate and overlaying poly-silicon gate electrode. In the present
report ultra-thin Hf02 thin films were prepared on three types of
p-type Si(100); i) native oxide, ii) with thermally grown SiON and iii)
IMEC cleaned Si with stable Si02 by pulsed metal organic chemical
vapor deposition (MOCVD). The MOCVD system consist of an
AIXTRON 2600G3 planetary reactor and a liquid-delivery TRIJET
vaporizer. The precursor used was hafniulll tert-butoxide
dimethyl-amino-ethoxide [Hf(OBu') 2 (dmae)2, dmae=
OCH2CH2NMe21 rlissolverl in odane to make a O.Ofi molar solnt.ion.
Deposition characteristics are discussed in tenus of growth rate, filnl
density, crystal structure and surface 111orphology as a function of
tenlperature. In addition, influences of different precursors and
different solvents on the film properties are considered. Electrical
properties of the films in terms of t.he capacit.ance-voltage and
current-voltage were extensively studied for
111etal-insulator-sellliconductor configurations. Annealing of the
as-deposited filn1s and annealing after the deposition of the
top-electrode were systematically analyzed for two different electrode
deposition n1ethods: sputtering and thern1al evaporation.
Pre-annealing (before n1etallization) was found necessary for the filn1s
deposited below 500 0 C, and post-annealing (after electrode
deposition) was found necessary for all films for bet.t.er C-V and I-V
behavior. Additionally top-electrode patterning, shadow mask, lift-off
and ion-bemn etching, were also found to affect the electrical
properties. Top electrode n1aterial influence on the electrical
properties will be discussed for three different. elect.rode mat.erials,
nan1ely platinun1, TaN and TaSiN. C-V and I-V characteristics of
selected samples will be evaluated by measuring the interface density,
equivalent oxide thickness (EOT), flat band voltage and current
density. Finally, a con1parison will be n1ade between Si02 gate oxide
and the present Hf02 gate oxide in tern1S of the EOT and leakage
current density.

G5.21
Electrical Characterizat.ion of AI2 0 3 /Hf0 2 Gate Oxide about
the Various Thickness of AI2 0 3 Deposited by Atomic Layer
Deposition. Lee Sangtae1, Kin1 Inhoe1, Park Myungjin 1, Bae

Choelhwyi2 and Jeon Hyeongtag1j 1Division of Materials Science &
Engineering, Hanyang University, Seoul, South Korea; 2Systen1 LSI
division, San1sung Electronics, Seoul, South Korea.

One of the major issues of metal-oxide-semiconductor field effect
transistors is the gate dielectric application of high dielectric constant
(high-k) materials wit.h an equivalent oxide t.hickness (EOT) of Si02
below 2nn1 in order to suppress the gate leakage current within an
allowable level. Among t.he various high-k dielect.ric materials, Ab03
and Hf02 are mainly studied with the alternative materials of the
Si02 . AbO, exhibit.s a large band gap (~8.8 eV), high field strength,
excellent thern1al stability, and large band offsets with silicon
substrate. And another n1aterial is Hf0 2 because of its high dielectric
constant (25~30), high densit.y (9.68 g/cm3

), and large band gap
(~5.68 eV). However, Hf0 2 has problems such as the formation of
undesired interfacial layer and crystallization at ten1peratures less
t.han fiOO ac. Interfacial layer is composed with the silicate mainly
and it causes lowering of capacitance. According to earlier reports,
Alz03 reduced a leakage current and prevented a diffusion of
hydrogen and oxygen to silicon substrate because it has an m110rphous
struct.ure. For this reason, we deposit.ed Ab03 prior to the Hf0 2

deposition. In this study, we deposited Hf02 on the top of various
t.hicknesses of Ab03 by atomic layer deposition method and formed
t.he Pt electrode. We invest.igat.ed t.he effect. of Ab03 t.hickness on
A1203/Hf02 gate dielectric struct.ure by X-ray photoelectron
spectroscope, high-resolution transn1ission electron n1icroscope, and
Auger electron spectroscope, and we analyzed t.he electrical properties
of A1203/Hf02 films depending on t.he various t.hickness of A1203.
The electrical properties including EOT, flat.band voltage shift,
dielectric constant, interface trap density and leakage current were
calculated by capacitance-voltage, and current-voltage n1easurelnents.

G5.22
Formation of Epitaxial Cobalt Germanide C05Ge7 on Ge
(100) Surface by Reactive Deposit.ion and Solid Phase
Epitaxy in in-situ Ultra-High-Vacuum TEM. Haiping Sun' , Yan

Bin Chen1, Dong Zhi Chi2, R Nath2, Yong Lin1 Fo02 and Xiaoqing
Pan1; 1University of Michigan, Ann Arbor, Michigan; 21nstitute of
Materials Research and Engineering, Singapore, Singapore.

To n1eet the sub-45nn1 technology requiren1ents, gern1aniun1 (Ge) is
recently considered as one of the new n1aterials to replace Si substrate
to fabricate advanced high speed CMOS, because of its high carrier
mobilit.y and excellent. compat.ibilit.y wit.h high-k dielect.rics.
Consequently, n1etal gennanides will reasonably be considered as
electrode contact materials in the future Ge-based devices as well.
Sin1ilar to the contact applications in Si-based Inicroelectronics,
epitaxial n1etal gern1anides with low electronic resistivity and high
thern1al stability are preferred. Growth conditions are in1portant
factors that determine the phase formation, morphology and crystal
quality of the epitaxial film. In this work, two approaches were used
t.o study the reaction of Co with Ge (001) surface in a JEOL-2010
TEM that is modified for in-sit.u deposition of materials in ultra high
vacuum. One is solid state epitaxy i.e. deposit Co on Ge surface at
roon1 ten1perature and then anneal it at higher ten1peraturej the other
is reactive deposition, i.e. deposit Co on Ge at elevated ten1perature
to ensure in1n1ediate alloy phase forn1ation during the deposition. The
nucleation and growth of the cobalt gennanide phase during the
deposit.ion/react.ion processes in t.he bot.h experiment.s were recorded
in real time. The formation of C05Ge7 phase is identified by electron
diffraction analysis in both experin1ents but reaction n1echanisn1s as
well as the morphology formed are significantly different.

G5.23
III-V Compound Epitaxial Films on Monolithic and Porous
GaAs Subst.rates with YSZ Sublayer. Alexander Buzynin ' ,

Vjatcheslav Osiko1
, Yuri Voron'ko 1

, Albert Luk'yanov2 , Yuri
Buzynin3 , Boris Volodin3 , Yuri Drozdov3 and Alexey Parafin3 ; 1 A.M.
Prokhorov General Physics Institute, Russian Acaden1Y of Sciences,
Moscow, Russian Federation; 2Departn1ent of Physics, Moscow State
University, Moscow, Russian Federationj 3Institute for Physics of
Microstructure, Russian Acaden1Y of Sciences, Nizhniy Novgorod,
Russian Federation.

Basic difficulty for fabrication of perfect heteroepitaxial III-N layers is
absence of the suitable substrate. GaAs is a perspective substrate due
to high quality, big sizes, low cost, and an opportunity to lead (carry
out) integration of III-N devices with conventional GaAs
opt.oelectronics. However, usually III-N layers received on GaAs
substrates contain high density of structural defects and concede on
paran1eters to the layers on sapphire or SiC substrates. To
overcon1ing, these difficulties usually apply various buffer layers.
Nevertheless, problen1 of search and developn1ent of new buffer layers
st.ill cost.s very sharply. Epitaxial GaN and GaAsN layers on GaAs
wit.h new single YSZ buffer layer and two-layer buffer (YSZ on porous
GaAs) were grown in the system TMG-NH3-H2 at the temperature
1050° C by both capillary epitaxy [1] and conventional two-step
MOCVD technique. The two-layer buffer consisted of porous GaAs
(100) layer (10-15 micron thick), received by the electrochemical
etching t.echnique [21, and the top layer YSZ (100nm t.hick). Laser,
electronic beam and RF magnet.ron sput.t.ering t.echniques prepared
epitaxial YSZ layers on n10nolithic and porous GaAs substrates. Both
optically transparent and n1irror sn100th YSZ layers with good
adhesion of film to substrate were received. YSZ films prepared by RF
n1agnetron sputtering had the greatest structural perfection. By using
porous substrate, we n1anaged to in1prove the structure and
morphology of YSZ layers. We found that the first, "compliant"
porous layer reduced thern10-elastic stress in the second
heteroepitaxial buffer layer and improved its structure perfection and
morphology. Another porous buffer benefit is higher electric
uniformity of III-V layers received on such substrat.es, due to impurity
get.t.ering by porous layer. The second buffer, chemically proof, in the
environn1ent of cultivation prevents its interaction with the basic
substrate and provides thin crystal-chemical conformity with the
working het.eroepit.axial layer. Good damping of YSZ by gallium and
indium allows fabrication on this substrate continuous and very thin
layer of these materials. Stability of this layer at the epitaxy
temperature provides high YSZ adaptability for capillary epitaxy
Ga-V and In-V compounds layers wit.h high quality. Porous buffer
layer on GaAs substrate in1proves adhesion and structural perfection
of III-V layers. Two-layer buffer (YSZ on porous GaAs) is a way t.o
improvement of III-N layers quality. [1] A.N.Buzynin, V.V.Osiko,
E.E.LOlnonova et aI. Wide-Bandgap selniconductors for High Power,
High Frequensy and High Temperature. (MRS Simp.Proc.1998).
VoI.512.Pit.t.sburg, PA. P.205-210. [2] Yu.N.Buzynin, S.A Gusev,
V.M.Danilt.sev, et al. Technical Physics Letters V.26, No.4, pp.
298-301, 2000. The work was supported by t.he Russian Foundat.ion
for Basic Research (grant. N 03-02-17337) and by the Office of Naval
Research (Grant. N 00014-01-1-0828).

G5.24
Influence of Post. Treat.ment. on t.he Elect.rical/Dielectric
Properties of Nanoscale AI2 0 3 Thin Film Deposit.ed by
AtOlllic Layer Deposition. B. S. SOl, S. M. Kin1 1, J. H. Hwang1,

Y. H. Kim ' , W. T. Ch0 2 and K. S. Alm2; 'Dept.. of Mat.erials Sci. &
Eng., Hongik University, Seoul, South Korea; 2KRICT, Daejeon,
South Korea.
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The technological success of integrated conlplelnentary nletal oxide
semiconductors (CMOS) can be attributed to the extraordinary
properties of the robust Si-Si02 system. Higher charge mobility and
snlaller transistor dinlensions require an alternative lnaterial in gate
dielectrics, whose candidates are Hf02, Zr02, Y203, Ab03, etc. The
so-called high-k dielectric lnaterials have been investigated in order to
replace the conventional Si02 for sub-micron CMOS technology
generation. Ab03 is one of the alternative materials because of the
thermal stability, large band-offset (>2eV), similar band gap
(~8.8eV) to Si02. The atomic layer deposition has been evaluated to
be a breakthrough against the practical limitation of Si02 -based
nlaterials, due to superior thickness uniforInity, thernlal budget, and
excellent step coverage in stringent requirelnents in advanced CMOS
device structure. Nanoscale (5 to 60 nm) Al 2 0 3 thin films were
prepared through atomic layer deposition. The electrical/dielectric
characteristics should be optiluized in ternlS of leakage currents, flat
band voltage, dielectric constants, breakdown voltages, etc. The
optilnization is attelnpted using rapid therInal annealing with and
without magnetic field. The electrical/dielectric features are
characterized using current-voltage characteristics,
capacitance-voltage nleasurenlent, inlpedance nleasurenlent, bias
tenlperature stress etc, as a function of defect concentrations. The
ranlifications of field-enhanced rapid thernlal annealing are discussed
towards the next-generation CMOS integration.

G5.25
On the Crystallization of High k Unary Metal Oxide Thin
Films on Silicon. Yong Gao and Kenneth A. Jackson; Materials
Science and Engineering, The University of Arizona, Tucson, Arizona.

Zr02 and Hf02 films are potential candidates for the replacement of
silicon dioxide for next generation gate dielectrics. However,
crystallization of these oxides at relatively low telnperatures is a
problenl due to current leakage at the grain boundaries. In this work,
we have successfully stabilized amorphous Zr02 and Hf02 films to
much higher temperatures than their bulk crystallization
temperatures. By sandwiching ultra thin « 5nm) Zr02 or Hf02 films
between two silica layers, a crystallization telnperature which was
typically a few hundred degrees higher than that of bare £1lnls was
achieved. Ultra thin Hf02 £1lnls reluained aluorphous after annealed
at 9000C for 15 seconds. This capping technique did not increase the
crystallization temperature of relatively thick films. Possible
nlechanisnlS for this phenonlenon are discussed.

G5.26
E~ects of th,;, Incorporation of Nitrogen in Hf02 and HfO",N y

Fllms Deposlted by Remote Plasma Enhanced Atomic Layer
Deposition Method. Jinwoo Kim, Seokhoon Kim, Jihoon Choi,
Hyunseok Kang and Hyeongtag Jeon; Division of Materials Science
and Engineering, Hanyang University, Seoul, South Korea.

As conlplenlentary nletal oxide senliconductor (CMOS) devices
reaches the design rule below 0

0

.1 ?nl, the current gate dielectric, Si02
must be scaled down below 20A. This projected scaling of Si02

creates leakage and reliability issues. Thus, the adoption of high
dielectric constant luaterials have recently been highlighted as possible
replacenlents for Si02 gate dielectrics in CMOS devices. Alnong high
dielectric constant Inaterials, Hf0 2 is considered as one of choices due
to its high dielectric constant (25~30), high density (9.68 g/cm 3

),

wide bandgap (5.68 eV) and relatively large band offset. The Gibbs
free energy of fonnation for Hf0 2 is negative (-1088 kJ/nl01), and
Hf02 is reported to be stable when in contact with Si. Although these
thermodynamics data predict the stability of the Hf0 2 lSi interface,
the fornlation of interfacial layers appears to be an issue. The high
oxygen diffusion rate through Hf0 2 , which results in the fornlation of
interfacial layers, and a low crystallization teluperatures «500° C)
renlain concerns. Therefore, nitridation treatnlent is required to
nlaintain alnorphous structure with high dielectric constant after
thennal process. The incorporation of nitrogen in Hf0 2 has been
suggested to reduce the tunneling current boron diffusion and to
increase crystallization teluperature. Incorporation of nitrogen in the
oxide layer can be achieved by high telnperature thernlal treatlnents
in N 20, NO, and NH 3 attuospheres. In this study, we accolnplished a
nitridation process using a reluote nitrogen plaslua to achieve a high
anlount of nitrogen incorporation at low telnperature and to lnininlize
plasma damage. Hf0 2 and HfON films deposited by remote plasma
enhanced atomic layer deposition (RPEALD) method. We used
tetrakis-dinlethyl-anlino-hafniulu(TDEAH) as a Hf precursor, oxygen
plasnla as a reactant gas and nitrogen plaslua as nitridation process,
respectively. The nitrided and oxynitrided Hf0 2 films were
investigated by high resolution transnlission electron lnicroscope
(HRTEM), auger electron spectroscopy(AES), x-ray photoemission
spectroscopy(XPS) and x-ray Diffraction(XRD). The electrical
properties including EOT, hysteresis, leakage current and capacitance
were evaluated by using capacitance-voltage(C-V) and current
density-voltage(J-V) measurements.
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Abstract Withdrawn

9:00 AM G6.2
Tn-situ Characterization of Growth, Thermal Stability and
Electronic Structure of Poly-Si and FUSI Gate Electrodes on
Hf02 High-k Gate Dielectrics. Yuri Lebedinskii1

, Andrei
Zenkevich 1

, Michael Gribelyuk2 and Evgeni Gusev3 ; lMoscow

Engineering Physics Institute, Moscow, Russian Federation; 2IBM
Microelectronics Division, Hopewell Junction, New York; 31BM T.J.
Watson Research Center, Yorktown Heights, New York.

There is an enornlOUS interest and significant research activities in
developing novel high-k dielectric nlaterials and nletal gate electrodes
to replace traditional ultrathin (sub-2 nnl) Si02 gate oxides in
advanced MOSFET devices. In this paper, we report on fornlation
and thermal stability of poly-Si and fully silicided (FUSI) gate
nlaterials on Hf02. Special focus is given to the gate electrode/ high-k
interface, its structural and electronic properties, as well as
reaction(s) upon annealing. For this study, we developed a nlethod
based on the deposition of an ultrathin (1-5 nlu) continuous and very
uniform layer of Si, metal (Ni) or/and a dopant (Sb, As, B, Al and
Ge) marker layer on high-k by pulsed laser deposition (PLD) with the
well-controlled rate of as slow as 0.01 monolayer/pulse and in-situ
characterization by complementary techniques of XPS (film
conlposition , chenlical bonding and electronic structure) and LEIS
(surface conlposition of the outnlost layer). Ex-situ HRTEM was
performed to evaluate stack structure. For the poly-Si/Hf02 system,
we observed a layer-by-layer growth of ultrathin Si layers at room
temperature, while at T>600 C an island-like growth of Si dominated.
We also found silicidation reaction at higher tenlperatures, that can
be inhibited by barrier layers. This reaction may be important to help
to understand device behavior (especially PFETs) after high
tenlperature anneals. In the FUSI part of the presentation, we will
address silicidation reaction between thin Ni overlayer on thin
Si/Hf02/Si(100) and the effect of the dopants on FUSI formation
and, nl0re inlportantly, work function nlodulation.

9:15 AM G6.3
Bilayer Metal Structure for Tunable Workfunction Gate
Electrodes. Ching-Haung Lu 1 , Gloria Wong1 , Mike Deal1.2, Yoshio

Nishi 1
.
2, Bruce Clenlen"sl, Paul McIntyre1

, Steven Hung3
, Seongjun

Park1
, Prashant Majhi iJ and Wilnlan Tsai4

j 1 Materials Science and
Enginnering, Stanford University, Stanford, California; 2Electrical
Engineering, Stanford University, Stanford, California; 3 Applied
Materials, Santa Clara, California; 4Intel Corporation, Santa Clara,
California; Jlnternational Senlatech, Houston, Texas.

As CMOS technology continues to scale, nletal gate electrodes are
being introduced to nlininlize gate electrode depletion found in doped
polysilicon, overCOlue the incolupatibility of high-k gate dielectrics
with poly silicon, and reduce nlobility degradation. For optinlizing the
perfornlance of different devices, future nletal gate electrodes require
a workfunction that can be tuned to a particular value. A tunable
workfunction engineering approach using bilayer nletal structures was
reported by S. Hung et al.(SISC,2003) They tuned the workfunction
of AI/Ni/Si02 and Ni/AI/Si02 gate stacks by varying the Ni or Al
thickness over a 10nnl range fronl that of one nletal workfunction to
the other. This behavior was initially explained by a silnple carrier
redistribution nlodel. However, sinlulations of this nlodel and
photocurrent results of surfaces suggest that the workfunction should
change more abruptly than what Hung reported. In this work we
extended this tunable gate approach using several other nletal pairs in
addition to Al/Ni, and also when utilizing high-k gate dielectrics. The
structures studied include AI/Ni/Si02, Ti/Pt/Si02, Ti/W/Si02,
Ti/Pt/Hf02, Pt/Ti/Hf02, and Ti/W/Hf02. Both evaporated and
sputtered metals were used, with thickness from 2 to 20nm for the
bottOln nletal. Fronl CV nleasurelnents, VFB versus dielectric
thickness was deterInined to extract the workfunction for a range of
nletal thickness. In all these nletal gate stack systenls, the saIne
gradual workfunction transition was observed in which it takes around
10nnl to fully change the workfunction fronl that of one nletal to the
other. Up to a 1 eV range in workfunction were obtained by varying
the bottom metal thickness. As-deposited and annealed films
(200~400C for up to 5 hours) were characterized by CV, TEM, EELS,
EDX, SIMS, and XPS. CV measurements show that the workfunction
behavior changes fronl a near-abrupt transition to the gradual
transition behavior during an initial anneal. During subsequent
annealing, the behavior does not change any further and the
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structures exhibit good thernlal stability in regards to workfunction
on both Si02 and high-k dielectrics. The compositional analysis
indicates sonle diffusion occurs during annealing, but we have not to
date observed any evidence of pile-up of the top metal at the interface
of the lower metal/gate dielectric. We investigated several possible
nlechanisnlS for the gradual workfunction transition behavior,
including carrier redistribution, non-unifornl thin filnl deposition,
metal/metal reaction, and metal diffusion. While direct evidence of a
diffusion nlechanisnl for this behavior is not clearly seen in our initial
compositional analyses, the electrical behavior before and after anneal
points to a diffusion/reaction mechanism that saturates after the
initial anneal, rather than to a carrier redistribution Inechanisn1. We
will report on all these results involving tunable workfunction bilayer
metal gates on Si02 and high-k dielectrics.

9:30 AM G6.4
Work Function Controllability of AI-Ni Alloy Metal Gates
Evaluated by Scanning; Maxwell-Stress Microscopy.
Takashi Matsukawa, Chiaki YasUnlllrO, Hirolni Yalnauchi, Mpishokll
Masahara, Kenichi Ishii, Kazuhiko Endo, Eiichi Suzuki and Seigo
KanenlarUj Nanoelectronics Research Institute, National Institute of
Advanced Science and Technology (AIST), Tsukuba, Ibaraki, Japan.

Work function (</J,,,) control of metal gates is essential to obtain
optimum threshold voltage (Vii,) especially in FD-SOI or double-gate
MOSFETs [1]. One possible candidate for a gate metal enabling work
function adjustment is a binary alloy composed of metals with
different work functions [2,3]. In this study, we investigated the
applicability of the alloys combining AI, with low </J,,, (4.28 eV), ami
Ni, with high </J,,, (5.15 eV). Two different processes, interdiffusion of
Ni/Al stack and direct sputtering of Al-Ni alloy target, were used to
form AI-Ni alloy films. The CV curves of AI-Ni alloy MOS capacitors
fabricated by both the processes exhibited work functions
approximately between those of Al and Ni. The CV curve for the
interdiffusion process, however, exhibited a significant decrease in CV
slope in comparison with those of Al and Ni. In addition to the
conventional CV nleasureluent, we luicroscopically characterized the
work function unifornlity through scanning Maxwell-stress Inicroscopy
(SMM), which is capable of nleasuring the contact potential
distribution between a sanlple and a probe [4]. The SMM inlage for
the AI-Ni alloy formed by direct sputtering exhibited an uniform work
function distribution, in a lnanner conlparable to that for pure Ni
film. On the other hand, the SMM image for the interdiffused Al-Ni
alloy exhibited a renlarkably non-unifornl distribution of the work
function. The non-unifornl work function correlated with the
degradation of CV characteristics for the interdiffused Al-Ni alloy.
Thus, we conclude that direct sputtering is preferable for the Al-Ni
alloy fornlation to suppress work function non-unifonnity. The
composition of the direct-sputtered Al-Ni alloy films was varied by
using three different targets: Al7[j Ni2s , AIGoNiso and Abs Ni7s . The
CV and SMM measurements revealed that the work functions of the
alloys were successfully controlled by the alloy composition. Except
for the AI-rich alloy made from the AI 7s Ni 2G target, the Al-Ni alloys
exhibited sufficient thenual stability against annealing up to 700°C in
terms of gate leak currents of the MOS capacitors. This work was
partially supported by the Industrial Technology Research Grant
Program (2002) of NEDO, Japan. [1] L. Chang etal., IEDM (2000)
719. [2] H.Zhong etal., IEDM (2001) 467. [3] I. Polishchuk etal., IEEE
EDL 23 (2002) 200. [4] T.Matsukawa etal., J. Vac. Sci. Technol., B19
(2001) 1911

9:45 AM G6.5
Fabrication and Electrical Characteristics of HfN,,. Metal Gate
Electrode by MOCVD. Wen Wu Wang', Toshihide Nabatame2 and

Yukihiro ShiIuogakilj 1Dept. of Materials Engineering, The Univ. of
Tokyo, Tokyo, Japan; 2MIRAI-ASET, Tsukuba, Japan.

Continued scaling down of CMOS devices now requires nletal gate
electrode. HfN nlay be one of the nlost suitable candidates as gate
electrode because of various advantages, such as work function of
4.65eV for nlidgap electrode nlaterial and sinlple device integration of
HfN/Hf02/Si MOS gate stack by single CVD/ ALD apparatus just
changing reactants. In this work, hafniunl nitride HfN;r was prepared
by MOCVD using Hf[N(C2Hsl2]4 (TDEAHf) precursor and its work
function was evaluated from HfN,,/Si02/Si stack. The film
conlposition and electrical properties were evaluated by XPS, I-V and
C-V measurements. It was found that HfN,,. films with low levels of C
«0.1 at. %) and 0 impurities «2 at. %) were formed by employing
TDEAHf precursor and NH3 reaction gas, however the filnl resistivity
was very high about 4.8 x 10'0 /LSI-cm. This was due to the formation
of N-rich Hf3 N 4 phase with high resistivity. Therefore, in order to
decrease the sheet resistance of HfN;J; filnls, NH3-free thennal growth
was employed. As a result, metallic HfN co, films were synthesized. The
conlposition and electrical properties of HfN T filnls were strongly
dependent on the deposition temperature, especially beyond 500°C,
the resistivity was decreased to the level of 1 x 104 /LSI-cm. For I-V and
C-V nleasurelnent, in order to achieve nluch low total sheet resistance

for the final metal gate, Au(100nm)/Ti(50nm) layers were deposited
sequentially on the HfN,,/Si02/Si stack by electron assisted vacuum
evaporation technique. After gate patterning using Cb-based dry
etching, the work function of HfN,,. in Au/Ti/HfN,,/Si02/Si MOS
stack was extracted from the C-V measurements of the MOS stack
with different Si02 thickness ranging fronl 4nnl to 10nn1. Thp work
function of MOCVD-HfN" was estimated to be about 4.74eV. In
addition, C-V characteristics revealed that the EOT values of
HfN,,./Si02/Si MOS stack decreased for the final gate stack, e.g.,
Au/Ti/Si02/Si stack showed EOT of 11nm, the EOT value became
9.7nm. By means of XPS depth profile and composition analysis, this
was confirmed to be due to the formation of Hf silicate interlayer
during film deposition. The thickness of interlayer was estimated to be
3nnl assunling the dielectric constant of interlayer to be 16. T-V
characteristics indicate that the leakage current density was alnl0st
the same with Au/Ti/Si02/Si stack sample. One point should be
noteworthy that a relative large slope value was extracted fronl the
plot of flatband voltage (VI/,) versus equivalent oxide thickness
(EOT) for the as-deposited samples. This suggests the existence of
charge trapping, which lnay be nlainly fronl the integration process of
gate stack, especially the Cl2 -based dry etching process. The effect of
post RTA treatment on reducing charge trapping will be discussed in
detail. In addition, the growth sequence and RTA dependences of
nletal work function, EOT and leakage current are also studied.

SESSION G7: Transistor Processing and
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Chairs: H.. Chau and E. Gusev
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10:30 AM *G7.1
Integration of Advanced Gate Dielectrics on Germanium and
Strained Germanium Channel MOSFETs. Huiling Shang' ,

Evgeni Gusev1, Michael Gribelyuk2, Paul Jaluison2, Jack Chu l, John
Ott1, Kathryn Guarini1 and Meikei Ieong l ; 11BM T.J. Watson
Research Center, Yorktown Heights, New York; 21BM MD division,
Hopewell Junction, New York.

Pure Ge channel MOSFETs have been considered as one prolnising
option for future high performance CMOS technology because of the
high electron and hole nlobilities in Ge. A conlpressively strained Ge
(s-Ge) channel is expected to further enhance hole mobility due to the
very small effective hole mass (O.lmo). Indeed, dramatic hole mobility
enhancement of 4-25X has been demonstrated in s-Ge MOSFETs 
the highest nlobility enhancenlent for hole carriers alnong all available
options. However, achieving a high quality thin gate dielectric for Ge
and s-Ge channel MOSFETs has proven to be challenging. We will
show the effects of Ge surface preparation before the high- K film
deposition and the gate electrode luaterial on the final Ge/high-K
MOS characteristics. On s-Ge channel MOSFETs, we demonstrated
the thinnest ever Si02 (2.5nm) by low temperature remote plasma
oxidation of the thin Si cap while lnaintaining the strain in the s-Ge
layer. We have also deluonstrated that cOlubining a Ge channel with
Hf02/poly can achieve appropriate PFET Vth. Finally, we will
describe two CMOS-conlpatible integration schelue for s-Ge channel
PMOSFETs, including the conventional STI isolation and scaled thin
gate dielectrics for high performance CMOS technology.

11:00 AM *G7.2
Germanium Deep-Submicron pFET and nFET Devices with
Etched TaN Metal Gate and High-K Dielectric, Fabricated on
Germanium-on-Insulator Substrates. Marc A. Menris l , Brice De
Jaeger l , Jan Van Steenbergen1, Fabrice Letertre, Geofrroy Raskin,
Thierry Billon and Marc Heyns\ lIMEC, Leuven, Belginnl; 2Soitec,
Bernin, France; 3Ulnicore, Olen, Belgiunl; 4 LETI , Grenoble, France.

Since a few years, the interest of Ge FET devices has been increasing.
The higher nlobility of the gernlaniunl nlaterial could be one of the
solutions for the problem of further CMOS scaling. In this paper, the
results of pFET and nFET gernlaniunl devices with gate lengths down
to 0.15 nlicron will be shown. The issues of the gernlaniunl will be
discussed: the interface state passivation of the Ge/High-K interface,
the diode leakage and the necessity of high quality
gernlaniunl-on-insulator substrates.

11:30 AM G7.3
A Reason for Poor Ge n-MOSFET Performance:
Source/Drain Junction Dose-Dependent Activation.
Chi On Chui1.2, Leonard Kulig1, Jean Moran l , Wilnlan Tsai1 and

Krishna C. Saraswat2 ; 'Intel Corporation, Santa Clara, California;
2Electrical Engineering, Stanford University, Stanford, California.

Ge-channel has previously been suggested to supplenlent Si in
decanano-scale MOSFET owing to its higher conlplenlentary carrier

179



mobilitips. This inspiration has been technologically enabled by
passivating the unstable Ge surface with high-k dielectrics, which also
concurrently guarantees the gate stack scalability by enlploying 111etal
gate electrodes. Nonetheless, the limited thermal stability of these
advanced gate stacks inlposes additional c0111plexity in optinlizing the
source and drain junction fOrInation process. Since p-dopants in Ge
could be activated below 400 degree Celsius with minimum
redistribution, mobility enhanced Ge p-MOSFET demonstrations with
111etal gate and high-k dielectric have not been an issue. On the
contrary, the relatively higher thermal budget required to n-dope Ge
causes significant diffusion and challenges the gate stack integrity.
Before a better Ge n-MOSFET performance could be discerned, an
UllC0111pr0111ised source and drain junction fOrInation process with
minimized parasitic impedance should be established. In this work,
the activation of C01111110n n-dopants in Ge and the associated
dependencies are investigated. Phosphorus and arsenic were first
ion-inlplanted into p-Ge at a range of dose, and these salnples are
subsequently annealed with a spectrum of thermal budgets. On these
n-Ge junctions, secondary mass ion spectroscopy (SIMS) am]
spreading resistance probe (SRP) were employed to monitor the
chen1ical and electrically active dopant concentration respectively. By
cross-comparing these SIMS and SRP profiles, several dependencies
on the activation anneal are observed. For instance, higher thennal
budget anneals on a given in1planted dose often lowers the Inaxin1un1
concentrations, which could be attributed to either an excessive
diffusion or a solid-solubility limitation (SSL). In order to suppress
both the first and second order diffusion effects, activations were
analyzed at lower thern1al budgets to n1ap out their dose-dependency.
Chen1ical profiles reveal an increase in n1axin1un1 concentration with
in1planted dose, yet the accon1panying electrical data indicate a rather
constant active level. This resultant decrease in the fraction of
activated dopant hints that any excess input dose beyond the point of
SSL would not in1prove the junction sheet resistance, but sin1ply
worsen the crystal damage due to the surplus implants. Among
others, this in1portant finding n1ay provide an explanation for lnany
unsatisfactory Ge n-MOSFET experimentations, whose source and
drain junctions were either over-dosed or under-activated.

11:45 AM G7.4
High-Mobility GaAs and GaN MOSFETs using Atomic Layer
Deposition Al203 Gate Dielectrics. Glen Wilk' and Peide Ye2

;

1 ASM An1erica, Phoenix, Arizona; 2Purdue University, West
Lafayette, Indiana.

Achieving excellent electrical properties of high-k films on GaAs or
GaN substrates has been very difficult to realize, due to the nature
GaAs interface, and the lack of a high-quality, stable native oxide.
Previous attempts at depositing high-k oxides by CVD have led to
high interface state density, large I-V hysteresis, and poor support of
positive biases. MBE techniques have shown pron1ising results for
films such as Gd2 0 3 , but this process requires ultrahigh vacuum, and
extren1e control of surface conditions, and therefore has several
challenges for n1anufacturability. We have den10nstrated excellent
electrical properties on both GaAs and GaN MOSFETs using a
robust, highly manufacturable Atomic Layer Deposition Al z0 3

process for the gate dielectric. These MOSFET devices exhibit
extren1ely low gate leakage currents on GaAs of rvl pAl f1.n12 over a 10
V gate bias range, which is n1any orders of n1agnitude lower than for
MESFETs under sin1ilar bias. For these san1e GaAs devices, channel
mobilities of ~550 cmz/Vs have been achieved at E ef f = lE5 V /cm,
with an f T and fll/.Q.~l: of 14 and 25 GHz, respectively, and negligible
drain current drift and I-V hysteresis on these devices. GaN devices
using ALD Al z0 3 gate dielectrics have measured breakdown of ~145
V for a 2f1.n1 gate-drain spacing, with a drive current> 350 n1Aln1n1
for V GS = +6V. Electron mobilities of ~1200 cmz/Vs at E ef f = lE5
V /cm have been achieved on A1GaN/GaN channels. A description of
the mechanism by which this ALD Al2 0 3 process forms a high-quality
interface on these channels will be given.

SESSION G8: Physical & Electrical Characterization-I
Chairs: P. McIntyre and K. Saraswat

Wednesday Afternoon, March 30, 200fi
]{oom 2007 (Moscone West)

1:30 PM *G8.1
Negative Bias Temperature Instabilities in High-k Based
MOSFETs. Michel J. C. Houssa', Marc Aoulaiche', Stefan De
Gendt 1

, Guido Groeseneken1
, Marc Heyns 1 and Andre Stesn1ans2;

lIMEC, Leuven, Belgiun1j 2Departlnent of Physics, University of
Leuven, Leuven, Belgiun1.

Negative bias ten1perature instabilities (NBTI) are considered as
n1ajor reliability issues in n1etal-oxide-sen1iconductor field effect
transistors (MOSFETs), affecting the threshold voltage, drive current
and mobility of the devices. NBTI in Hf02, HfON and HfSiON-based

MOSFETs are investigated, with an emphasis on the impact of Hf
and N content on device degradation. It is shown that an optin1al Hf
content of about 50 at. % results in reduced NBTI, which is attributed
to the cOlnpetition between increasing density of defect precursors and
slower diffusion of hydrogen species with increasing amount of Hf. On
the other hand, increasing the concentration of nitrogen in the high-k
stack results, like in SiON-based devices, in enhanced NBT!. The
experin1ental results are n10deled considering the generation of
interface defects, within the reaction-dispersive proton transport
model, as well as the creation of bulk traps in the high-k layer. The
partial recovery of device degradation, when the electrical stress is
interrupted or the gate voltage is switched, is next studied. The
recovery in1plies both partial interface states annealing, possibly via
atomic hydrogen or proton re-passivation, as well as bulk defect
reduction, resulting from hole (thermally and field assisted)
de-trapping in the high-k gate stack.

2:00 PM G8.2
Electron Spin Resonance Observation of Si/Dielectric
Interface Traps in Fully Processed Metal Gate Hafnium
Oxide Field Effect Transistors. Thomas G. Pribicko', Jason P.
Can1pbell 1

, Patrick M. Lenahan 1 and Wihnan Tsai2 ; lEngineering
Science, Pe~lns~lvaniaState U.niversity, University ~ark:

PennsylvanIa; Intel Corporation, Santa Clara, Cahfonlla.

The alternative high-k gate dielectric, hafniun1 oxide, is arguably the
leading candidate for Si02 replacen1ent in future MOS transistors.
Using a very sensitive electron spin resonance (ESR) technique, spin
dependent recOlnbination (SDR), we have investigated dOlninating
(100) Si/HfOz interface defects on fully processed metal/gate
transistors. Transistor SDR spectra display a g-value of 2.0051 +/
0.0003 when the magnetic field is perpendicular to the (100) Si
surface. Although san1ple rotation in the lnagnetic field alters the
average g-value, we are as yet unable to clearly resolve the SDR
pattern into the several anticipated lines. The observed defects appear
to be sin1ilar to, but probably not identical to a p/)o center, an
unpaired electron strongly localized on a single silicon atom back
bonded to three other silicon atoms at the Si/Si02 interface. The
observed spectra luay be a superposition of P ,J1 - and P/)o-like centers.
We find that the densities of these defects may be altered greatly by
gate dielectric stressing. After in-situ gate voltage stressing at n10dest
gate voltages, we observed that the SDR amplitude of the (100)
Si/Hf02 interface P,,-like defect increases with the application of an
increasing gate voltage. A hysteretic behavior in the SDR response
was observed when n10dest negative and positive voltages were
applied to the gate. This hysteretic result suggests that the
application of modest gate voltages changes the chemical/physical
nature of the observed defect, but does not elilninate electronic
activity or paran1agnetisn1. Work at Penn State was supported by the
Sen1iconductor Research Corporation through Intel Corporation
Funding.

2:15 PM G8.3
Interface and Defect States at Ultrathin Si02-Hf02-Si02-Si
Junctions. Mykola Bataiev1

, Sergey P. Tun1akha1
, Yuri M.

Strzhemechny', Stephen H. Goss', Leonard J. Brillson', Chris L.
Hinkle2 and Gerry Lucovsky2j lElectrical & Con1puter Engineering,
Physics, and Center for Materials Research, The Ohio State
University, Colun1bus, Ohio; 2physics, North Carolina State
University, Raleigh, North Carolina.

We have used low energy electron-excited nanoscale lun1inescence
spectroscopy (LEEN), a low energy forn1 of cathodolun1inescence
spectroscopy, to probe the interface states at ultrathin layers of Si02
and Hf02 deposited by a remote plasma process on remote
plasn1a-processed Si-Si02 substrates. Hf02 is a leading alternative
dielectric n1aterial for reducing direct tunneling in n1etal oxide
semiconductor (MOS) devices. This is due to its increased dielectric
constant K cOlnpared to Si02 and a significant reduction in tunneling
current with respect to Si02 with the san1e equivalent oxide thickness.
Critical to use of such structures is the reduction of interface defect
densities that could introduce fixed charge that degrades threshold
voltages and reduces field effect control. Currently, the only
n1easurelnents of such states involve indirect transport and
capacitance n1ethods and show interface state densities of 1012 cln-2,
far fron1 state-of-the-art. Here we provide direct n1easuren1ents of
optical transitions involving deep localized energy states inside these
ultrathin dielectrics and at their internal interfaces. We en1ployed
incident electron beam energies of 0.5 - 3.5 keV to probe 5 nm
Si02/l5 nm Hf02/5 nm Si02/Si dielectric stacks in ultrahigh vacuum
(UHV) with corresponding probe depths ranging frol11 the outer Si02
layer to the Si substrate. These results revealed the presence of defect
luminescence bands at 2.75 eV and 1.90 eV within the Si02 and at
their interfaces with Hf02. LEEN spectra also exhibited two
non-Si02-related spectral peaks at 3.5 eV and 4.2 eV associated with
the Hf02 thin film and its interfaces with Si02. These assignments
are confirn1ed by n1easuren1ents on thick Hf02. For the as-grown
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stack, the 2.75 eV feature is maximum at the outer Si02/Hf02
interface and decreases by 2x at the inner Hf02/Si02 interface,
whereas the 3.5 eV Hf02 lllidgap transition reaches a InaxinlU111 at
depths inside the Hf02 film. The 1.9 eV defect feature appears
relatively constant throughout the entire stack. A 900 0 C anneal
exhibits a strain-induced self-organization that induces interfacial
bonding changes resulting in order-of-nlagnitude fixed charge
reduction. Annealed stacks exhibit strong localization of 2.75 eV, 3.5
eV, and 4.2 eV LEEN defect emission to the outer Si02/Hf02
interface, a 3-4x increase in 1(3.5 eV)/1(2.75 eV), and a 35x in 1(4.2
eV)/1(2.75 eV), consistent with changes in Hf02 and Hf02 interface
bonding. Secondary ion mass spectrometry (SIMS) reveals minimal
interdiffusion but H accumulation at the inner Hf02/Si02 interface
that annealing renl0ves. These results were c0111pared with those of
analogous Si02/AI203/Si02/Si dielectric stacks with essentially the
S;:l111P, dinlP-llsions. As expected, these exhibit qualitatively different
high-K dielectric features. The capability to assess local state
intensities and spatial distributions enables in-situ process
optinlization for defect reduction.

2:30 PM G8,4
Band Edge States Derived from Jahn-Teller Term Splittings
in High-k Dielectrics: Bias-Dependent, Intrinsic Bulk Traps in
High-k Gate Stacks for Advanced Si Devices. Gerald Lucovsky',

Charles Fulton " Lisa Edge2 , Robert Nemanich" Darrell Schlom2 and
Jan Luning3

; INC State Univ, Raleigh, North Carolina; 2 Penn State
University, State College, Pennsylvania; 3Stanford Synchrotron
Research Laboratory, Menlo Park, California.

This paper reports for the first tinle high-resolution x-ray absorption
spectra (XAS) for transition metal (TM) elemental, and TM/rare
earth (RE) complex oxides that demonstrate term-split d-state
features associated with J ahn-Teller local bonding distortions.
Electron states at the conduction band edge of Si02 are derived
prinlarily fro111 Si 3s* states nlixed with 0 2p* states and are
free-electron-like, whereas band edge states in high-k dielectrics are
derived from TM/RE d*-states mixed with 0 2p* states and are
considerably more localized [1]. In this paper, Jahn-Teller (J-T) term
splittings of localized d*-states by XAS are correlated with published
results for photoconductivity (PC) "band-tails" [2], and bias
dependent trapping [3,4J. High-resolution XAS L2,3 spectra for Ti in
Ti02, and in Ti02-Hf02 and Zr02 complex oxide are presented. L2,3
transitions in Ti02 ternlinate in enlpty 3d states with 3- and 2-fold
degeneracies of the respective 3d5/2 and 3d3/2 states completely
removed. These term-splittings are attributed to J-T distortions of
6-fold coordinated bonding of Ti to 3-fold coordinated O. 3d5/2-state
ternl splittings in p-bonded valence bands are quantitatively the sanle
in rutile Ti02, and Hf(Zr)02-Ti02 oxides. However, there are
differences in the 3d3/2 state s-bond term splittings between i) Ti02,
and the ii) Hf(Zr)02-Ti02 oxides that derive from Ti d-states
interacting with different 2nd neighbor Ti, Zr or Hf, d-states through
s-bonding interactions. 0 Kl edges in Ti02, and Hf(Zr)02-Ti02
display 5 d*-features that are also present at the conduction band
edge. Ternl splittings have not observed for 4d and 5d states in M2,3
and N2,3 spectra of Zr02 and Hf02; however, 5 4d* and 5d*-state
features are present in the 0 Kl edges of both Zr02 and Hf02. J-T
term split states will also be reported for Sc L2,3 in LaSc03, and La
M2,3 spectra in LaA103. In contrast, the M2,3 spectra for La in
LaSc03 as-deposited and annealed filnls show a single d-state feature
consist with a spherically-synlnletric, or ordered 12-fold coordination
for La. The respective 0 Kl edges for LaSc03 and LaAl03 also
display J-T term splittings. Band-tail photoconductivity, correlated
with 5d*-states in 0 Kl spectra, has been reported in Ti02, Zr02,
Hf02, and complex oxides including LaAl03 and LaSc03 [2J. Bias
temperature instabilities HF02 devices reported in Ref. 3 are
consistent with bias dependent Frenkel-Poole transport thru Hf 5d
band edge, ternl split states [4]. NEC has recently engineered around
bias dependent transport/trapping by restricting biases to less than
about 1.1 eV in stacked Si02-Hf silicate devices. [IJ G Lucovsky et al.
JVST B 22, 2132 (2004), [2J VVAfanase'v et ai, Chap 3.3, High-k
Dielectrics, M Housa (ed), and APL in process. [3J JC Lee and K
Oishi in Chap. 5.3, in Ref. 2, [4] Z Yu et aI., APL 80, 1975 (2002).

2:45 PM G8.5
Energy-band Alignments and Interface Stability at Zr02(Si,
SiGe and Ge Interfaces. S. J. Wang" J. W. Chai ' , J. S. Pan, Y.

L. Foo' and A. C. H. Huan1.2; 'lnstitute of Materials Research &
Engineering, Singapore, Singapore; 2Departnlent of Physics, National
University of Singapore, Singapore, Singapore.

High-k gate dielectrics have been expected to replace conventional
Si02 gate oxide to continue the scaling of silicon-based selniconductor
device. However, because of phonon scattering in nloderate electrical
field, field effect transistors (FETs) with high-k gate dielectrics show
that their carrier mobility is less than those of FETs with a SiOz gate
oxide, and is well below the universal nlobility curve. This will
hanlper the objective of device scaling using high-k gate dielectrics if

an FET with a high-k material actually has a lower mobility than the
equivalent Si02 device. Because of higher low-field intrinsic carrier
mobility than that of silicon, Ge and its alloy are attractive for
high-frequency applications. The integration of high-k gate dielectrics
with high perfornlance substrate or channel nlaterials of Ge and its
alloy not only allow the continued scaling of senliconductor devices,
but also have the higher mobility to improve device speed. In this
presentation, we present the energy-band alignnlent and interface
stability studies for Zr02/Si, Sic1.7GGeo.25/Si and Ge systems. The
energy-band alignluents have been studied using x-ray photoenlission.
The valence-band offsets of ZrOz/Si, Zr02/Sio.75Geo.2G and Zr02/Ge
interfaces are determined to be 2.95, 3.13 and 3.36 eV, respectively,
while the conduction-band offsets are found to be the same value of
1.76±0.03 eV for three interfaces. The upward shift of valence-band
top accounts for the difference in the energy-band alignnlent at three
interfaces. The interface thennal stability has been studied using
in-situ x-ray photoenlission, in-situ transnlission electron nlicroscope
and high-resolution trans1uission electron nlicroscope. The phase
transition of high-k and interface reaction upon high-telnperature
annealing has been identified.
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3:30 PM *G!l.l
Electron Mobility in High-K: MOSFETs: Remote Phonon
Scattering and its Temperature and Material Dependence.
Massinlo V. Fischetti1.2, Deborah A. Neunlayer1

, Eduard A. Cartier1
,

Zhibin Ren 3
, Evgeni P. Gusev ' and Michael P. Chudzik 3

; 'IBM
SRDC, Research Division, T. J. Watson Research, Yorktown Heights,
New York; 2Departnlent of Electrical and Conlputer Engineering,
University of Massachusetts, Anlherst, Massachusetts; 3IBM
Microelectronics Division, Hopewell Junction, New York.

The high dielectric constant of insulators currently investigated as
alternatives to Si02 in nletal-oxide-senliconductor structures - due
mostly to their large ionic polarizability - is accompanied by the
presence of soft optical phonons. The long-range dipole field
associated with the interface excitations resulting fronl these bulk
nlodes and fronl their coupling with surface plasnlons, while snlall in
the case of Si02, for nlost high-K: nlaterials causes a reduction of the
effective electron nlobility in the inversion layer of the Si substrate.
We study the dispersion of the interfacial coupled phonon-plasmon
nlodes, their electron-scattering strength, and their effect on the
electron mobility for Si-gate structures employing films of Si02 ,
Al z0 3 , AIN, Zr02, HfOz , and ZrSi04 for 'Si02-equivalent'
thicknesses ranging from 5 nm to 0.5 nm. We show that the effective
electron mobility is severely depressed in systems employing the
insulators with the highest K: (namely, ZrOz and Hf02), while nitrides
and oxy-silicates still yield satisfactory nlobilities, especially for filnls
thin enough to benefit fronl dielectric screening fronl the electrons in
the polycrystalline Si gate. We also show that the electron mobility
increases with the increasing thickness of the interfacial oxide layer
often present - intentionally or not - in these gate stacks and discuss
the beneficial (screening) effects of nletal gates. Finally, we present
experinlental data and calculations regarding the tenlperature and
material (Hf02 vs. HfSi"Oy dependence of the electron mobility,
providing additional support to the theory.

4:00 PM G9.2
Surface States and Rectification at a Metal High-k Dielectric
Contact. Alex Denlkov, Freescale Senliconductor, Inc., Austin, Texas.

The properties of nletal-to-insulator junctions are often discussed in
ternlS of the Fernli level pinning by the interface states. An
alternative point of view is based on the picture of polarized chenlical
bonds at the metal-to-insulator interface. We consider theoretically
the case of molybdenum on the (111) surface of the tetragonal
polynlorph of hafnia, and trace the fornlation of the Schottky barrier
fronl the Newens-Anderson chenlisorption linlit to a one nnl thick
layer of the (110) oriented metal. The role of the surface band of
hafnia in the pinning of the Fernli level is discussed, including the
analysis of relative roles of the evanescent and chenlical interface
states. We critically compare the predictions of the metal induced
gaps states (MIGS) model with the results of direct density functional
c<1Jcll1ations.

4:15 PM G9.3
Defect Energy Levels in Hf02 and Zr02. Ka Xiong, Barbara

Falabretti and John Robertson; Engineering, Canlbridge University,
Canlbridge, United Kingdonl.

High dielectric constant (K) oxides such as Hf02 are needed to replace
Si02 as the gate oxide in future CMOS devices. However, these oxides
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possess a much higher bulk density of charge traps than Si02. Lit.t.le
is known about these traps and their energy levels. Lenahan et al [1]
have observed ESR spectra of 3 centres, the 0 vacancy, the Hf3+ ion
and the peroxyl or superoxyl radical, a specific type of 0 interstitial.
Takeuchi [2] recently used spectroscopic ellipsometry to deduce that
the 0 vacancy level lay about 1.2 eV below the Hf02 conduction band
(CB). Injection measurements of Hf02 on Si of Kerber [3] are
consistent with partly filled levels above the Si CB. Foster et al [4]
calculated the energy levels of the vacancy and 0 interstitial in Zr02
and in Hf02 using the local density approximation (LDA) wit.h
scissors corrections for the under-estin1ate of the band gap. They
found the 0 vacancy gives a state below the Si VB top, when aligned
to the Hf02 bands, and the 0 interstitial gives various states across
the lower part of the Hf02 gap. We have calculated the energy levels
of the 0 vacancy and the various 0 interstitial charge states l by
finding their energy levels directly as excited states. Correct band
gaps were found by using 111ethods beyond LDA, called screened
exchange (sX) and weighted density approximation (WDA). We find
the neutral 0 vacancy gives a filled level lying near the Si CB, higher
than Foster [4]' and closer to Takeuchi [2] and Kerber [3]. When
partially filled, as in V +, the level lies higher. Thus, the 0 vacancy is
the principle electron trap. For the interstitial, overall, we find states
well away from the Si gap and closer to the Hf02 band edges, so they
are less likely to act as traps. The neutral 0 interstitial £or1118 an 0-0
bond. It creates filled states about 0.5 eV above the Hf02 VB edge,
plus an empty state just below the Hf02 CB. The positive 0
interstitial, equivalent to the superoxyl radical seen by Lenahan [2],
gIves a half filled state about 1 eV above the Hf02 VB edge and an
empty state in the Hf02 conduction band. The negative 0 interstitial
breaks the 0-0 bond, and this has a half-filled state just above the
Hf02 VB edge, and no other states in the gap or CB. 1. A Y Kang, P
M Lenahan, J F Conley, App Phys Lett 83 3407 (2003); +
unpublished 2. H Takeuchi, D Ha, T J King, J Vac Sci Technol A 22
1337 (2004) 3. A Kerber, E Cartier, IEEE ED Lett 24 87 (2003) 4. A
S Foster, et aI, Phys Rev B 64 224108 (2001); ibid 65 174117 (2002)

4:30 PM G9.4
Chemical Mechanisms for Atomic Layer Deposition of
Hafnium Nitrides and Nitrogen Incorporation into Hf02 ALD
Films Using Ammonia and Alkylamide as Precursors. Ye Xu'
and Charles B. MusgraveZ

.
1

; 1 Materials Science and Engineer~
Stanford University, Stanford, California; 2Chen1ical Engineering,
Stanford University, Stanford, California.

We use DFT to investigate an ato111istic 1118Chanis111 for the ALD of
hafniu111 nitride filn1s grown using Hf[N(CH3)2]4 and NH3. We find a
ligand-exchange 1118Chanisl11 sin1ilar to those thought to occur in the
ALD of Hf02 using the same Hf source and H 2 0. Both half-reactions
involve intern1ediates that are 1110r8 stable than the products.
Although the Hf[N(CH 3 )2]4 half-reaction at NH* sites has a barrier
similar to that of reaction with OH* sites, the barrier for the NH 3

half-reaction on the Hf[N(CH3)2]a; * tern1inated surfaceis significantly
larger than for reaction between H 20 and Hf[N(CH3)2]" *. Thus, the
NH 3 half-reaction is significantly slower than reaction with H 2 0 and
thus the NH 3 half-cycle will be prone to oxygen incorporation into
Hf-nitride from residual H 20. Therefore water must be purged from
the chan1ber when depositing Hf nitrides or incorporating N into
Hf02 using this chemistry. These results indicate that NH3 and
Hf[N(CH 3 )2]4 can be used to either incorporate N into Hf02 ALD
filn1s or grow Hafniu111 nitride.

4:45 PM G9.5
Dielectric Properties of Rare-Earth High-k Oxides. Pietro
Delugas, Vincenzo Fiorentini and Alessio Filippetti; INFM-SLACS
and Dept. of Physics, University of Cagliari, Monserrato, Italy.

Rare-earth oxides have recently COllIe into focus as candidates for the
replacenlent of silica as a gate dielectric in transistor and as a barrier
oxide in FLASH 1118111ories. We are currently investigated by
density-functional and self-interaction-correction 111ethods several
oxides involving para-rare-earths such as lanthanU111 and lutetiu111. We
started with sesquioxides (X20 3 ), which exhibit competing cubic
(bixbyite) and hexagonal structures: the dielectric and IR and Raillan
spectral properties of bixbyite LU203 have been calculated and
succesfully c0111pared with experinlent [1]; the results suggested that
the cubic phase is generally poorer in ternlS of dielectric screening
than the hex phase, the static dielectric constant values for LU203
being 12 and 18 respectively. This was confirmed by an extension of
our work to La203 [2], whose dielectric constant is higher (about 24)
on account of both the softer IR modes of the hex phase, and the
higher dynamic polarizability. We then considered [3] the properties of
crystalline LaAI03, a distorted cubic perovskite with a 1% 111islllatch
to Si (001), which has a dielectric constant of 20-25; theory confirms a
static value of 22 to 27 depending on the treatment of the effective
dynanlical charges. We are currently investigating anlorphous
LaAI0 3 , to ascertain the reasons (if any) that cause it to have a static
constant c0111parable to the crystalline phase, and LuMn03, a

111agnetic COlllpound exhibiting dielecric ano111alies, currently under
experinlental investigation at a partner laboratory. [1] E. Bonera, G.
Scarel, M. Fanciulli, P. Delugas, and V. Fiorentini, to be published [2]
P. Delugas and V. Fiorentini, to be published [2] P. Delugas, V.
Fiorentini, and A. Filippetti, to be published
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GIO.I
Impact of Oxygen on the Work Functions of Metal Gates on
High-k Oxides. Andrey Knizhnik', Andrey Safonov', Irma

Iskandarova1
, Alexander Bagatur'yants1

, Boris Potapkin 1 and
~eonardo Fons:ca2

; lKINTECH .Ltd, Moscow, Russian Federation;
Freescale Senllconductores BrasIl Ltda, Jaguariuna, Brazil.

The inlpact of oxygen on the work functions of prolnising 111etal gates
(Mo, WC) for new MOSFET devices is investigated using
first-principles calculations. The effect of oxygenation is con1pared for
metal surfaces and for interfaces with typical high-k oxides
(n10noclinic zirconia and hafnia). It is shown that oxygen adsorption
:)11 the metal gate surfaces (Mo(110) and WC(OOOl)) strongly
Increases the vacuun1 n1etal work function, a sin1ilar trend is observed
for the Mo(110) (WC(0001)) work function on zirconia (hafnia) upon
the oxygenation of the Mo/m-Zr02 (WC/m-Hf02) interface, though
to a lesser extent. As expected, the effective n1etal work function
decreases upon the reduction of the n1etal/oxide interface and
increases upon its oxidation. However, interface overoxidation with
the forn1ation of a thin MOx layer between the n1etal gate and the
oxide can causes the work function to decrease with respect to the
unoxidized interface as shown for the Mo/n1-Zr02 interface with a
MoOx intermediate layer. The physical origin of this effect is
explained by the partial cancellation of interface dipoles. These results
are con1pared with the calculated work functions of the conductino
metal oxide Mo02 (W02) surfaces. b

GIO.2
Area-Selective Atomic Layer Deposition for in - situ Gate
Stack. Rong Chen I .2, David W. Porter2, Hyoungsub Kin13.4, Paul C.

Mch~yre3, Hen1anth Jagannathan4
, Yoshi Nishi4 and Stacey F.

Bent-; IDept. of Chen1istry, Stanford University, Stanford, California;
2Dept . of Chen1ical Engineering, Stanford University, Stanford,
California; 3Dept. of Materials Science and Engineering, Stanford
University, Stanford, California; 4 Dept . of Electrical Engineering,
Stanford University, Stanford, California.

Atomic layer deposition (ALD) is a technique that can be used to
deposit a variety of materials. While ALD inherently provides
nano-scale control of n1aterials in the vertical direction we are
investigating an area-selective ALD technique that enables Inicro- and
nano-scale definition of the lateral structure. Our research en1phasizes
controlling the substrate surface chen1istry in order to ilnpart spatial
selectivity to ALD. Using a variety of analytical techniques, we will
den10nstrate that functionalizing the surface with self-assen1bled
monolayers (SAMs) can block the ALD chemistry in the growth of
Hf02 and Zr02, which are both in1portant high-r;: Inaterials for
potential gate dielectrics. At the saIne tilne, SAMs are effective
monolayer resists towards ALD growth of Pt thin films that could
serve as a future gate n1etal. Specifically, we have investigated the
surface chemistry required to block ALD under the more extreme
conditions used to deposit these n1etal oxide dielectrics and gate
metal at temperature above 300 0 C. The efficiency of blocking depends
strongly on the quality of the SAMs and on the chain length of the
attached layer. The potential of the area selective process for defining
lateral structure has been exanlined using different patterning
n1ethods, including selective functionalization of patterned Si02/Si as
well as soft lithography. Using a cOlnbination of ilnage analysis by
SEM and elelnental analysis by scanning Auger Inicroscopy, we show
that the high-r;:gate dielectric and gate lnetals can be deposited with
spatial selectivity. Other types of SAMs have also been investigated as
monolayer resists against the Hf02 ALD process on Si and Ge
substrates. These n10nolayer filIns also exhibit good deactivation and
selectivity. The ability to achieve area-selective ALD for both gate
dielectrics and gate n1etals enables the potential fabrication of an
in - situ gate stack, providing for an additive patterning schelne that
has several advantages over the subtractive patterning used in current
CMOS process flow.

GIO.3
TEM Characterization of Epitaxial Hf02 Thin Films Grown
on Ge by MBE. Jin Won Seo', C. Dieker', A. Dimoulas2

,

Jean-Pierre Locquet3 , J. Fon1peyrine3, H. Siegwart3 , C. Wien1er4
, G.
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Tallarida4, S. Ferrari4 and M. Fanciulli4
; ' EPFL , Lausanne,

Switzerland; 2N CSR Demokritos, Athens; 3IBM, Rueschlikon,
Switzerland; 4MDM-INFM, Agrate Brianza Milano l Italy.

High 1110bility lllaterials such as Ge are enlerging as potential silicon
replacement in CMOS. Unfortunately, for advanced gate stack on Ge
the native oxide GeO has a low thermal stability. Therefore, the
challenge is to find a set of suitable high K dielectric compounds that
can be used as gate dielectrics while 111aintaining a high 1110bility in
the channel. The 111ain question to be answered is the chenlical and
structural interface stability during the growth, and their influence on
the high-k dielectric layer grown above. In this contribution, we report
on structural and chemical properties of Hf02 films deposited on Ge
substrates by 1110lecular bean1 epitaxy. We carried out the growth
studies along two directions: on conventional single-crystalline
(001 )Ge substrates and on electron transparent single-crystalline Ge
nanowires. Using the latter, the growth characteristics can directly be
assessed without the tin1e-consun1ing and dedicated san1ple
preparation for transn1ission electron n1icroscopy. Ge nanowires were
produced in a MBE system by vapor-liquid-solid reaction of Au
catalyst deposited on (111)Si substrates. To be precise 1.0 nm Au is
deposited on Si substrate at 300 C and subsequently annealed at 600
C in order to forn1 n1etal clusters, whereby their dian1eter detern1ines
the resulting dian1eter of the nanowires. By the subsequent deposition
of Ge, the Au catalytic particles initiate the growth of the nanowires.
Ge nanowires were obtained with (111) orientation with average
diameter of 50 nm. Hf02 films were deposited at 350 C on the Ge
nanowires. On conventional Ge substrates, Hf02 thin filn1s were
grown with and without GeOxNy interfacial layer in the ten1perature
range up to 360C. By n1eans of transn1ission electron n1icroscopy, the
interface and the crystallinity of Hf02 films are analyzed: Hf02 grows
polycrystalline but with a crystalline interface on Ge. The interface
characteristics are con1pared for different substrate n1aterials. Energy
dispersive x-ray scanning profiles show that Ge diffusion occurs into
the oxide film when deposited on GeOxNy whereas for pristine Ge
interface no significant Ge diffusion was observed. This result was
confirn1ed by titne of flight secondary ion n1ass spectrolnetry depth
profiles.

G10A
Improved Workfunction Tunability and EOT Control with
Clustered ALD TaN/PVD Ta for Multilayer Metal Gate.
Steven C. H. Hung1

, Khaled Alllned1
, Chris 01sen 1

, Rongjung

Wong2, Fred Wu 2, Nety Krishna2, Gary Miner1
, Ching Huang Lu 3

,

Michael Deal 3 and Yoshio Nishi 3
; 1 ADC/Front End, Applied

Materials, Sunnyvale, California; 2CPI, Applied Materials, Sunnyvale,
California; 3Electrical Engineering, Stanford University, Stanford,
California.

Metallic gate electrodes have been considered as the prin1ary solution
for resolving the polysilicon gate depletion effect for the sub 65nm
node technology. However the workfunction requiren1ent has lilnited
the an10unt of Inaterial candidates for such application. Multilayer
n1etal gates have been previously den10nstrated as possible solution
for providing the adequate workfunction tuning for CMOS circuitry.
The purpose of this paper is to investigate the applicability of
n1ultilayer nletal gate by focusing on the process integration issues.
The key questions that will be addressed in this paper include: - Can
n1ultilayer nletal gates be itnplen1ented with previously integrated
back end of line n1etallic Inaterials and deposition technologies? - Do
the deposition processes between metallic layers need to be clustered
to reduce oxygen contalnination in order to achieve the desired
workfunction adjustInent? Would the clustering result in any other
device benefit, such as EOT control? NMOS capacitors were
fabricated to test the effect of clustering on electrical behavior. The
gate stack consists of rapid thermal oxidation (RTO) silicon dioxide
(Si02) as the gate dielectric; atomic layer deposition (ALD) TaN as
the botton1 contacting n1etal layer and physical vapor deposition
(PVD) Ta as the capping layer. The thickness of the Si02 layer was
fixed at 50A, and the thickness of ALD TaN was varied from 20, 40,
60, 80, 120 and 200A for the purpose of workfunction tuning. The
deposition of the PVD Ta layer was either clustered or non-clustered
with the deposition of the ALD TaN layer. In the case of the
non-clustering process, a four-hour air-break was introduced. The filn1
stacks were fabricated into MOS capacitor, and the devices were
annealed in forn1ing gas an1bient (FGA) before capacitance-voltage
(CV) measurement. The values of equivalent oxide thickness (EOT)
and the flat band voltage (Vfb) were extracted during additional
analysis. The CV n1easuren1ents revealed that the clustered gate stack
resulted in approximately 200mV of Vfb adjustment, whereas the
non-clustered case resulted in half of Vfb adjustment (~ 100mV). It
was also found that the EOT of the non-clustered case to be
approxin1ately 4A thicker than that of clustered case. The increase in
the EOT suggested of a larger dielectric thickness in the non-clustered
case, a direct result of oxidation on the ALD TaN filn1 during the
four-hour air break process. X-ray photoen1ission spectroscopy (XPS)
was later used to confirm the extent of oxidation in the ALD TaN film

after air exposure. This experin1ent has den10nstrated the effectiveness
of using a clustering process between ALD TaN / PVD Ta deposition
in in1proving the workfunction tuning and providing EOT control for
the n1ultilayer n1etal gate stack.

G10.5
Nitrided Hafnium Silicates for Gate Dielectrics.
Changgong Wang1

, Molllth Verghese1 Enc Shero1
, Glen Wilk1 Jan

Willem Maes ' , Wim Deweerd2 and Annelies Delabie2; 1 ASM
Anlerica, Phoenix, Arizona; 2IMEC, Leuven, Belgiun1.

Nitrided hafnium silicate (HfSiON) gate dielectric films deposited by
atomic layer chemical vapor deposition (ALCVDTM) show excellent
capacitor and transistor characteristics with both poly-Si and nletal
gates, which are directly correlated with local physical and chelnical
properties. A wide range of con1positions are den10nstrated, with
Si/(Hf+Si) percentages from 0 to 75% and uniformly distributed N
levels up to 30 at. %. XPS is used to distinguish the local bonding
arrangements of N to Hf, Si and O. The distribution and depth profile
of these N bonds is directly attributable to the observed electrical and
physical properties of these films as measured by TOF-SIMS, TEM,
EELS, nuclear reaction analysis and angle-resolved XPS. Using
poly-silicon gate electrodes with chen1ical or thern1al oxide
underlayers, EOT values down to 1.3nn1 with substantial leakage
reduction vs. Si02 have been achieved using stacks with ultrathin
HfSiON. Hysteresis and midgap interface density (Dit) are less than
10mV and 5E10 cm-2eV-1, respectively. Transistors (gate length of
110nm) with these ALD HfSiON films display excellent VT stability
and channel electron mobility> 90% of Si02 at high Eeff. Detailed
analysis on silicate COInpositions, the distribution of nitrogen in the
interface layers, and corresponding itnpact on device perfoflnance will
be presented.

G10.6
The Perfect Interface: Ge/Si02. Gerd Duscher1.2, Sergei

Lopatin 3
, Tao Liang4 and Wolfgang Windl4; 1 Materials Science &

Engineering, North Carolina State University, Raleigh, North
Carolina; 2Condensed Matter Science Division, Oak Ridge National
Laboratory, Raleigh, Tennessee; 3NCEM, Lawrence Berkeley National
Laboratory, Berkeley, California; 4Materials Science & Engineering,
The Ohio State University, Columbus, Ohio.

We propose that a thin layer of Ge on a Si substrate with Si02 as
dielectric can serve as an alternative to high-k n1aterials in CMOS
technology. The Ge-Si02 interface was studied with a con1bination of
aton1ic resolution Z-contrast itnaging, electron energy-loss
spectroscopy (EELS) and ab initio density functional theory. The
aton1ic resolution experilnental and theoretical results agree extrelnely
well and show that this interface is chemically abrupt. The exact
structure consists of Ge thin filn1, one aton1ic layer of SiGe and one
layer of Si 2+. The first silicon atom in the oxide is already fully
oxidized. The thermally grown Si-Si02 interface, however, has a 0.3
nn1 wide transitional (suboxide) region. The bandgap of the oxide
does not follow the chen1ical gradient at the Si-Si02 interface, but
opens up slower than the chen1ical con1position. We verified this result
by con1paring the conduction band derived fron1 EELS and fron1
calculations. Both agree excellently for all the investigated interfaces.
By using the chen1ical abrupt (perfect) Ge-Si02 interface, we gain 0.3
nn1 of effective oxide thickness. Therefore, this structure will result in
faster devices because the interface allows a sn1aller Si02 thickness,
while Ge has intrinsically a higher n10bility. The interface, however, is
effectively still a Si-Si02 interface, and we expect the same level of
interface defects. Because the chemically abrupt Ge-Si02 interface is
thermally stable, this structure is fully compatible with standard
CMOS technology.

G10.7
The Study on Growth Kinetics of Hf-Silicate Films on Si
(100) Grown by Atomic Layer Deposition using in-situ
Mediulll Energy Ion Scattering. Kwun Bun1 Chung1.2, Mann-Ho

Ch02
, Dae Won Moon 2 and Chung Nam Whang ' ; 'Institute of

Physics and Applied Physics, Yonsei University, Seoul, South Korea;
2Nano Surface Group, Korea Research Institute of Standards and
Science, Daejeon, South Korea.

The growth kinetics and initial growth characteristics of Hf-silicates
grown on Si(100) by atolnic layer deposition (ALD) was investigated
by in-situ n1ediun1 energy ion scattering (MEIS). Si02 incorporated
Hf-Si-O was grown by alternant ALD process for Hf02 and Si02
using HfCl4 and TDMAS, respectively. The interaction between Hf02
and Si02 filn1s was exan1ined in relation to the each layer thickness,
substrate temperatures. The Si02 growth on Hf02 was critically
depended on the Hf02 thickness. Moreover, the thickness of Hf02
layer and Si02 layer affected the interfacial reactions and
stoichiometry, which indicate that the Hf02 layer acts as a catalyst to
stimulate Hf-silicate growth. The amount of Si02 incorporated Hf02
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was decisively affected by the catalytic effects. The initial growth
stage definitely varied according to buffer layer on Si substrates. The
physical analysis of the films with XPS, XAS, TEM also supported
the fornlation 1118Chanis111 of Hf-silicate. Based on the interfacial
interactions between Hf02 layer and Si02 layer, we suggested the
model for growth kinetics of Hf-silicates at the initial growth stage in
relation to the fornlation energy, interfacial reaction, and catalytic
action. Our study on the growth model for Hf-silicate will be a great
help to understand the interfacial reactions in the ALD growth and to
control the reactions for application of the Hf based high-k dielectrics.

GIO.8
Work Function Eng;ineering; of Fully Silicided NiSi Metal
Gate Through Pt Addition. Rinus Tek Po Lee, Siao Li Liew,
Weide Wang, Rai Biao Yao, Enlily Kwee Chao Chua, Shue Yin Chow,
Doreen Mei Ying Lai and Dongzhi Chi; Institute of Materials

Research and Engineering, Singapore, Singapore.

In this work, NiSi and Ni , _,,,Pt,,,Si (x=50/0-330/0) mono-silicides were
investigated as 111etal gate electrode 111aterials for
complementary-metal-oxide-semiconductor (CMOS) technologies. Our
results showed that NiSi gates formed by the reaction of pure Ni on
undoped poly-Si are thermally stable on Si02 gate oxide up to 950
DC. Fran1 the capacitance - voltage llleasur81n8nt of MOS structures,
it has been found that the NiSi gate has a work function of ~ 4.59 eV.
The work function of the NiSi gate was found to increase
111onotonically with increasing Pt content when Pt was added to the
NiSi gate. With a proper COlllposition of Nit_;rPt;rSi, the work
function of the gate electrode can be tuned from ~ 4.59 eV (for pure
NiSi) up to ~ 5.21 eV (for Ni,-o.33Pto.33Si). The integrity of the
fully silicided gate stacks (i.e. NiSi and Ni,-0.33Pt'1.33Si gates on the
Si02 gate oxide) after high telllperature processing was also studied,
which showed no evidence of degradation at both n1etal/oxide and
oxide/Si interfaces and/or in the gate oxide. The t.lInahle work
function and good thern1al stability of Nil-~l:Pt~l:Si n1akes it a viable
option in the selection of metal gate materials for p-MOSFETs in dual
metal gate CMOS devices.

GIO.9
The Impact of Interface Structure on Schottky-Barrier
Height for Metal-Gate/High-k Interfaces. Ach Huan1.2, Y. F.
Dong2, Q. Li2 , Y. P. Feng2 and S. J. Wang ' ; 1 Institute of Materials
Research & Engineering, Singapore, Singapore; 2Departn1ent of
Physics, National University of Singapore, Singapore, Singapore.

With the alternative high-k gate dielectrics are expected to replace
current gate oxide for the continued scaling of
metal-oxide-semiconductor field-effect transistors (MOSFET), there is
an in1n1ense interest in replacing conventional poly-Si gate with n1etal
gates because of the serious problen1s related to poly-Si gate depletion
and high gate resistance. In order to achieve low and syn1n1etrical
threshold voltages, the optin1al work functions for n1etal gate n1aterial
should be such that its Fermi level (FL) coincides with the conduction
(or valence) band edge for n-MOSFET (or p-MOSFET) devices.
However, the possible aton1ic bonds of n1etal-n1etal or n1etal-oxygen at
n1etal gate/oxide gate dielectric interface are quit different fron1
conventional silicon-oxygen bond at poly-Si-Si02 interface. How these
bonds affect the band alignn1ent at the n1etal/high-k oxide interface is
in1portant issue for the in1plen1entation of this gate stack. In this
presentation, we present the in1pact of interface aton1ic structure on
the schottky-barrier heights (SBH) for Ni/Zr02 (Hf02) interfaces by
photoen1ission study and first-principle calculation. The
schottky-barrier heights for the Ni and Zr02 (Hf0 2 ) interfaces have
been detern1ined by llleans of x-ray photoelllission spectroscopy.
Depending on the interface treatlnent, the variation of SBH was found
as large as 0.8 eV. First-principles calculations for model interfaces
provide a n1icroscopic explanation of such variation. Thp, rp,sl11ts show
that the SBH at n1etal/high-k can be engineered through the interface
structure-control.

GIO.IO
Investigation of Magnetic Properties of R.F. Sputtered
HafniuITl Oxide Layers. Heinrich Grueger1

, Christian Kunath 1,

Eberhard Kurth ' , M. Venkatesan2, L. S. Dorneles2 and Michael
C oey2; ISensors Division, Fraunhofer IPMS, Dresden, Gern1anYj
2Physics Departn1ent, Trinity College, Dublin, Ireland.

Recently ferron1agnetic behaviour has been observed in thin filn1s of
hafniun1 oxide [1]. There is evidence that the phenon1enon is
defect-related, and confined to a thin layer at the interface with the
substrate. An very interesting question is the correlation of lnagnetic
properties of the hafniuIll oxide layer and properties such as
crystallinity or in1purity content. Hafniun1 oxide layers with thickness
ranging between 50 and 150 nn1 have been deposited by r.f. sputtering
of a high-purity hafniun1 oxide target in argon and/or oxygen gas
mixtures. (100) Si wafers with 150 mm diameter etched in HF or
thern1ally oxidized served as substrates. The layers have been

characterized by AFM, SEM, XRD, and selected samples were
investigated in detail by 'rEM. Thin layers of the as-deposited
n1aterial were highly disorderd, and they were subject to a rapid
thennal anneal at a rate of up to 50 K S-l in order to produce a
fine-grained polycrystalline texture with grain size below 50 nn1. With
increasing thickness, the crystallization starts during deposition. After
annealing at 950°C all layers are crystalline with a (-1 I 1) texture.
For n1agnetic analysis, 5 x 5 n1n1 pieces were cut fron1 the wafers, and
n1easured in a 5 T Quantun1 Design SQUID n1agneton1eter. The
n1agnetization of four typical filn1s are given in the table 1, where the
n1agnetic n10n1ent of the salnple is expressed in An12, or Bohr
n1agnetons per square nanOllleter. The 1ll01llent is expressed per unit
area of substrate because detailed investigations as a function of filn1
thickness failed to show any proportionality. The magnetic properties
appear to be correlated with the defect structure of the films, which
depends on heat transport during deposition. The M samples are
better oriented and better crystallised than the R samples. Magnetism
is n10re likely to be observed on oxidised than on unoxidised silicon.
Results of the quantitative analysis of an extended series of films will
be shown and a con1parison of results on hafniun1 dioxide and
tantalum pentoxide will be presented. [1] M. Venkatesan, C. B.
Fitzgerald and J. M. D. Coey, Nature 430630 (2004)

GIO.ll
Dielectric Properties of High-Pressure Reactive Sputtered
and Atomic Layer Deposited Titanium Oxide Thin Films on
Silicon. Salvador Duenas1

, Helena Castan1 , Hector GarciaI I Juan

Barbolla1, Enrique San Andres2, Ignacio Martil2, Gennan
Gonzalez-Diaz2, Kaupo Kukli 3 and Jaan Aarik4 ; 1Electronica,
Universidad De Valladolid, Valladolid, Valladolid, Spain; 2Fisica
Aplicada III, Universidad Con1plutense, Madrid, Spain; 3Institute of
Experimental Physics and Technology, University of Tartu, Tartu,
Estonia; 4Institute of Physics, University of Tartu, Tartu, Estonia.

Titanium dioxide has been one of the most extensively studied oxides
because of its ren1arkable optical and electrical properties. The high
dielectric constant of Ti02 111ake it a good alternative as gate
dielectric for deep-submicron MOSFETs due to the acceptance of
titanium in most modern CMOS fabrication facilities. Studies of thin
films of Ti02 typically report dielectric constants that range from 40
to 86. The present work deals with the interface quality of
AI/Ti02/Si metal-insulator-semiconductor (MIS) structures, with
Ti02 being fabricated by using two different methods: high-pressure
reactive sputtering (HPRS) and atomic layer deposition (ALD). These
methods have been chosen because they induce low values of interface
state densities and disordered-induced gap states on the dielectric.
ALD thin filn1s were grown on n-type silicon substrates in an ALD
flow-type low-pressure (250 Pal reactor. Ti02 films were deposited
fron1 3 different precursor systen1s en1ploying titaniun1 tetrachloride
(TiCI4) and titanium ethoxide (Ti(OC2H s )4) as the metal precursors
and water (H 2 0) and hydrogen peroxide (H20 2 ) vapors as the oxygen
precursors. The thickness values of the films deposited for electrical
n1easuren1ents ranged fron1 2.5 to 20 nn1. Thern1al annealing was used
to in1prove dielectric properties of those filn1s. The annealing has been
carried out at 750 0 C in purified oxygen under atn10spheric pressure
for 10 min. HPRS Ti02/Si02 dielectric thin films stacks were grown
on n-type silicon substrates. First, a 7 nm Si02 film was grown by
ECR-CVD. After, 77.5 nm Ti02 films were grown in a HPRS system
at a pressure of 1 n1bar during 3 hours, the growing ten1perature was
kept at 200°C and the RF power was 600 W. Finnaly, the samples
were annealed in oxygen atn10sphere at ten1peratures ranging fron1
600 to 900°C. We used C-V, DLTS and Conductance Transient
Techniques in order to obtain the electrical characteristics of these
filn1s. In particular, we will present a detailed con1parison of relevant
properties of these filIns, such as flat-band voltage, interface-state
densities and disordered-induced gap state (DIGS) profiles.
Unannealed films deposited by HPRS show a great positive flat-band
voltage shift which n1eans negative trapped charge in the insulator.
Also, C-V curves have a considerable stretch-out as well as hysteresis.
However, annealed films both atomic layer deposited and
high-pressure sputtered show flat band voltage values very near to 0
V, and their C-V shape are n1uch less distorted, thus indicating better
interface quality. Unannealed HPRS films and annealed ALD films
have Dit densities of about 4 - 6 x 10'2 cm- 2 eV_1. However, for
annealed HPRS films we obtain Dit values of 1 x 10 '2 cm- 2 eV_1. A
n10re detailed discussion as well as conductance-transient
n1easurelnent results will be provided at the conference.

GIO.12
Gate Technologies for Gallium Nitride in High-Frequency
MOSFETs. Mark Johnson 1, Doug Barlage2 and Dave Braddock3j

IMaterials Science and Engineering, NC State University, Raleigh,
North Carolinaj 2Electrical and Con1puter Engineering, NC State
University, Raleigh, North Carolinaj 30SEMI Inc, Rochester,
Minnesota.

Insulating gate lnaterials for 111-V con1pound sen1iconductors have

184



long been studied for use in potential high-frequency devices. III-V
C0l11pound senliconductors are attractive for high frequency
applications due to the c0l11bination of higher bandgap energy, high
electron mobility and high breakdown field relative to traditional
silicon hased OAvicps. Of particular note is the favorable ballistic
transport and negative differential resistance under high-fields
(nanoscale dimensions), thereby providing physical phenomena for
frequencies approaching the terahertz range. However, oxide layers
and other insulating gate Inaterials have been generally unsuccessful
for III-V compound semiconductor metal oxide semiconductor field
effect transistors (MOSFETs) as fermi-level is pinned due to a high
density of 111id-gap interface states. In recent years, significant
advances have been achieved through the epitaxial deposition of
complex oxides such as a gallium-oxide / gadolinium-oxide multiple
layer gate stack which exhibit low-interface state densities suitable for
MOSFET fabrication. Using an epitaxially deposited gate structure,
we have fabricated initial MOSFET structures on Gallium Nitride
(GaN) which operate in an enhancement mode with electron charge
accUlllulation of Hi> = 4 x 1013 CIl1- 2 . These proof-of-concept results
provide evidence for the prospects of achieving viable MOSFET
devices with GaN as a con1pound sen1iconductor. GaN is a potential
channel material for ITRS devices in the 8-12 year time horizon,
particularly as channel din1ensions are reduced to nanoscale
din1ensions. GaN has a bandgap energy of 3.4eV and saturated
electron velocity of v., = 2.5-3x107 mis, as well as a high electron and
hole mobilities in bulk material. The high bandgap energy of GaN is
advantageous for high-density and sub-lOnn1 gate length devices as it
n1inin1izes off-state current and can provides a substantial barrier to
unwanted tunneling currents. Additionally, GaN has shown pron1ise as
a n1aterial for high-density / reduced diInensional structures with
nanowires successfully synthesized by vapor-liquid-solid (VLS) and
n1etal-organic chen1ical vapor deposition (MOCVD). As a result, the
con1bination of excellent transport properties, a viable gate process,
proven ohn1ic contacts and novel nanoscale fabrication processes
n10tivate the investigation of GaN as a possible device n1aterial for
international technology roadn1ap for sen1iconductor (ITRS)
applications. In this paper, we review electron transport properties for
con1peting short gate-length nanowire devices to provide a benchn1ark
for con1paring potential n1aterial solutions such as GaN, Silicon, Se-Ge
and carbon nanotubes. The con1bined structure and properties of GaN
MOSFETs offer a compelling option for high-speed applications.

GIO.I3
Reliability Characteristics of Hf02 Gate Dielectrics Prepared
by Atomic Layer Deposition Using HfCl4 and TEMAH.
Taeho Lee l , Hankyong Ko l , In-Sung Park l

, Jinho Ahn land J aehak
Jung2; 1 Materials Science & Engineering, Hanyang Universtity, Seoul,
South Korea; 2Evertek, Kyunggi-Do, South Korea.

In order to reduce the leakage current of gate oxide with effective
oxide thickness of less than 1.5nm, Si02 should be replaced with a
high-k material such as Hf0 2 , Zr02, A1203, which allows the use of
physically thicker film. The atomic layer deposition (ALD) method is
the process of choice due to its excellent capability of thickness
control, its ability to obtain good unifonnity and low deposition
temperature. Hf02 films were deposited in a traveling wave type ALD
reactor using HfCl 4 and TEMAH (Hf[NC2HG]4) as Hf-precursor and
H 2 0 as oxidant, at a wafer temperature of 300°C on B-doped p-type
Si(IOO) wafers after the native oxide removal by RCA cleaning. MOS
capacitors with 100nn1-thick Pt electrode were fabricated using a
conventional photolithography process. After MOS capacitor
fabrication, PMA (post metallization annealing) was performed at
400°C for 30min in forming gas (4% N2)' In this research, the
electrical properties of Hf02 film fabricated by using HfCl 4 ami
TEMAH were measured and compared with the physical/chemical
properties of filn1s. Both salnples show a negative flat band voltage
shift during electrical stress, indicating a net positive charge
generation in the Hf02 fihn. This positive charge trap could be
explained by hydrogen-release at the interface between Hf02 ami
Si-substrate. We confirmed that the TEMAH-Hf02 sample shows
significantly less interface trap generation than HfCl 4 - Hf02 under the
same electrical stress. The effects of Hf-precursor on the ALD Hf0 2

films will be discussed in the viewpoint of film composition, chemical
structure, and iInpurity distribution. The cOlnparison of the
evaluation resulted fron1 the several analytical techniques such as
AES, SIMS, XPS, and TEM-EELS will be addressed in detail. The
reliability properties of HfCI4-Hf02 and TEMAH-Hf02 under the
san1e electrical stress will be discussed specially with concerning
physical/chemical characteristics of Hf0 2 film.

GIO.I4
Effect of High Pressure Post-Metallization Annealing on
Electrical and Reliability Characteristics of MOSFET with
High-k Gate Dielectric. Man Chang, M.Shahriar Rahn1an,
Hokyung Park and Hyunsang Hwang; GIST, Gwangju, South Korea.

Hafniun1 based high-k gate dielectrics were intensively studied for

past few years to replace the silicon dioxide in future CMOSFET
technologies. Mobility degradation is one of the most difficult
problems of the high-k gate dielectric applications. The degraded
channel mobility of nMOSFET is responsible for high interface trap
density in upper half of the band-gap. In high-k gate dielectrics, high
temperature (above 500°C) forming gas (H2/Ar=4%/96%) annealing
seems to more efficiently passivates the high-k/Si interface traps.
However, high ten1perature annealing process is incon1patible after
metallization process. To completely passivate interface states of
high-k gate dielectric at relatively low telnperature, we have
developed a new high-pressure (up to IOOatm), pure(IOO%) hydrogen
annealing systen1. Con1pared with control (latIn) forn1ing gas
(H2/Ar=4%/96%) annealed sample, high pressure(5-20atm), pure H2
annealing of nMOSFET at 400°C shows 10-15% improvements of
saturation drain current(Id,sat) ann n1<1.xln111n1 transconnnctance
(gm,max). Using charge pumping method and pulsed I-V hysteresis,
significant reduction of interface trap densities and fast trapping sites
for high-pressure H2 annealed san1ples were confirn1ed. Con1pare with
hydrogen annealing, D2 annealed salnples exhibits longer hot carrier
lifetime which can be explained by heavy mass effect. By optimizing
process parmneter, we are able to ilnprove both device perfonnance
and reliability characteristics.

GIO.I5
Work Function of Layered Refractory Metal Electrodes in
Metal Oxide Semiconductor Structures. Gloria M. T. Wong',

Ching-Huang LuI, Michael Deal2, Yoshio Nishi 2 and Bruce M.
Clen1ens l

; IDepartn1ent of Materials Science and Engineering,
Stanford University, Stanford, California; 2Departn1ent of Electrical
Engineering, Stanford University, Stanford, California.

Scaling the gate length and oxide thickness of the n1etal oxide
semiconductor field effect transistor (MOSFET) offers great potential
to in1prove device perforn1ance and circuit density. However, shrinking
the device size reveals fundan1ental lin1itations to increased
perforn1ance using polycrystalline silicon as the gate electrode.
Polycrystalline silicon offers process cOlnpatibility, self-aligned
processing, and a tunable interface work function. However, its
susceptibility to depletion and boron penetration are driving the need
to investigate alternative gate lnaterials. The use of n1etals for the
gate electrode elin1inates these problelns, and lnay also show better
compatibility with high-k gate dielectrics with respect to threshold
voltage control. However, the work function of n1etals is not easily
tuned, and several n1ethods are being investigated in order to achieve
the desired work function values for n and pMOS devices. Bilayer
metal structures offer the possibility to tune the interface work
function by varying the thickness of the inner metal layer (the layer
closest to the oxide). Interestingly, in several systems the work
function shows a gradual transition as a function of inner layer
thickness, requiring approxin1ately 10 nn1 before the inner layer
don1inates the work function. This gradual transition is contrary to
theoretical and experimental results, which show that the work
function at a surface is sensitive to layers on the order of monolayers.
Recent work has shown that interdiffusion between the metals is likely
responsible for this gradual transition. Hence the issue of using
non-intermixed bilayer electrodes to control interface work function
remains open. In this work the work function behavior of W /Nb
bilayers, where interdiffusion during processing conditions is expected
to be minimal, was investigated. W /Nb bilayers were deposited using
DC n1agnetron sputter deposition, and then patterned into
MOS-capacitors. The layer thickness and structure was investigated
using x-ray reflectivity. The work function was calculated by plotting
the flat band voltage extracted fron1 capacitor CV n1easurelnents as a
function of dielectric thickness. In contrast to interdiffusing systen1s, a
relatively sharp transition in work function behavior is observed, with
the work function being don1inated by very thin W inner layers. This
shows that the work function can be controlled by atomic scale layers.

GIO.I6
Ge Nanocrystal Metal-Oxide-Semiconductor Memory with
LaAl03 Tunneling Oxide. Lu Xubing, P. F. Lee, J. Y. Dai, H. L.
W. Chan and C. L. Choy; Department of Applied Physics, The Hong
Kong Polytechnic University, Hong Kong, China.

In this work, a new kind of nonvolatile n1en10ry structure using Ge
nanocrystals embedded in high-k LaAl03 (LAO) gate dielectric films
has been fabricated and characterized. The Ge nanocrystals and LAO
filn1s were grown by laser n10lecular-bean1 epitaxy technique, which
provided precise control of the size and density of the Ge
nanocrystals, and also the thickness of the control and tunneling oxide
filn1s. High-resolution transn1ission electron n1icroscopy study revealed
that the dian1eter of sphere-like Ge nanocrystals was around 6 nn1,
and the corresponding calculated density of the nanocrystals was
about 2E12/cn12. Using capacitance-voltage n1easuren1ents, we have
den10nstrated the write and erase process in this novel n1en10ry
structure. Large flat-band voltage shift of 1.0 V was obtained for the
structure of LAO(8 nm)/Ge/LAO(2nm)/Si in the voltage sweep of
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.'1V ----+-.l)V ----+.l)V. Good charge retention characteristics was also
observed by the capacitance-tinle nleasurenlents. These results show
that the this memory structure utilizing the Ge nanocrystals with
LAO tunneling oxide has a high potential for further scaling of
floating gate nlenlory devices.

GIO.17
Pr""is" Characterization of Silicon on Insulator (SGOI), SiGe
on SOl and Strained Silicon on SiGe on Insulator (SSOI)
Stacks with UV-Visible and Infra Red Spectroscopic
Ellipsollletry. Adrien Darragon, Jean Louis Stehle and Christophe
Defranoux; SOPRA, Bois-colonlbes, France.

Further illlprovenlents in CMOS circuit perfornlance such as switching
speed and power reduction will rely on the use of silicon on insulator
(SOl) substrates with decreased functional thicknesses. According to
the International Technology Roadmap for Semiconductors ITRS), the
silicon and buried Si02 (BOX) layer thicknesses for a fully depleted
device should the ranges of 10 to 16nm and 24 to 40nm by 2005,
respectively. A key issue for fully depleted CMOS transistors is the
control of such ultra-thin layers thickness and their uniformity with
other parallleters such as surface and interface roughness. This is a
challenge to 111etrology, especially to conventional reflecto111etry
technique because the layers thickness lnust deterIllined with
angstrom precision for both silicon cap and Si02 box layer.
Spectroscopic ellipsometry (SE) is an optical and non-destructive
technique for detenllining thin fil111 thickness and lllaterial optical
properties. Because ellipsolnetry lneasures change in the polarization
state for both the amplitude ratio of the p to s polarizations, and in
phase retardation, it provides a precise way to characterize such ultra
thin SOl stacks (10 to 20nm) . Comprehensive characterization results
for a number of thin and ultra thin SOl stacks with different thickness
ranges will be presented together with nleasurenlent repeatability
results relevant to the film thickness process tolerances. In addition,
characterization results for advanced device applications such as SiGe
on SOl (SGOI) and strained silicon-on- SiGe-on-insulator (SSOI) will
be shown, de11lo11strating the use and capability of spectroscopic
ellipsonletry for precise detennination of layer thickness, lllaterial
C0111position, interfacial layers, etc. Metrology of other advanced
Substrates such as the characterization of very thin Silicon Epi layers,
SIC, Silicon on Sapphire (SOS) will also be presented. Principles and
advantages of the technique will also be discussed in the presentation.

GIO.18
Phase Transformation of Hf02 Thin Films Grown by Liquid
Pulsed MOCVD. Karen Dabertrand ' , Andy Zauner2
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,
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and Vincent Cosnier\ lSTMicroelectronics, Crolles Cedex, France;
2philips, Crolles Cedex, France; 3Freescale, Crolles Cedex, France;
4DRT/D2NT, CEA-LETI, Greuoble Cedex, Frauce; GESRF, Grenoble
Cedex, France; GElectron Microscopy Laboratory, Athens, Greece.

"High-k" dielectrics lllaterials for lllicroelectronics are 1110re and 1110re
focused on the Hf-based family. Previous works have shown that the
dielectric constant of Hf02 is strongly dependent on its crystal
structure. This paper investigates the crystalline structure of Hf02
layers as a function of process parameters (temperature, thickness)
and after post-annealing treat111ents. Hf02 layers were deposited by
pulsed-MOCVD (or AVD) Tricent in an Aixtron tool, using Hf-alkoxyl
liquid precursor. Using liquid injectors enable to control the precursor
anl0unt and thus, a tight control of the thickness in a large process
window. Deposition is performed under 02 flow to fully dissociate the
precursor nlolecules and to reduce the carbon content into the layer.
Films were grown with different thicknesses (3-12 nm) and at different
temperature (400-600C). Deposited films were assessed via their
structural and electrical properties. Synchrotron and CuK radiation
were used to study grazing-incidence snlall angle X-ray scattering
(GISAXS), grazing-incidence X-ray diffractiou (GID), and X-ray
reflectivity (XRR) of the films. Transmission Electron Microscopy
(TEM) has been also perfor111ed to get conlplenlentary inforIllation.
All GISAXS and GID analyses were performed at the European
Synchrotron Radiation Facilities (ESRF) on 5 nm Hf02 layers. Hf02
layers deposited at high temperature (550C) are polycrystalline, with
a 111onoclinic or a lllixture of orthorholllbic and 1110noclinic phases.
The layers did not behave any texture and the grain size is roughly
that of the film thickness, as deduced from Scherrer equation. This
was confirnled by cross-sectional TEM analysis. FurtherIllore, XRR
indicates sharp interface Si02/Hf02 and XPS profiles show no silicate
formation at the interface. Post annealing, performed at 600C under
N2, do not modify the crystal phase, as the film is thermodynamically
stable; but annealing contributes to further crystallization of the
layer, with oxygen diffusion near the interface. If Hf02 is crystalline
at high tenlperature, it is alnorphous-like at lower tenlperature.
Moreover, post RTP anueals up to 600C, used to cure defects (e.g.
interfacial states) did not result in crystallization of the

amorphous-like layers. TEM analysis, however, reveals the presence of
snlall grains which are elnbedded in an anl0rphous nlatrix.
PreliIllinary works with Hg probe nleasurenlent COnfirIll the high-k
value dependence according to the nlicro-crystalline stru
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GIO.20
Probing Local Atomic Environments in High-k Gate Stacks
on the N anollletre Scale. Maureen MacKenzie2, Frances T.
Docherty2, Alan J. Craven2 and David W. McColnb l ; lMaterials,
Imperial College London, London, United Kingdom; 2physics and
Astronomy, University of Glasgow, Glasgow, United Kingdom.

Replacing Si(ON) by a high k dielectric is still one of the grand
challenges of the International Technology Road111ap for
Semiconductors. The physical and chemical changes that occur in the
as-deposited structures due to the thermal budget required during
processing of the gate stack are of particular concern. Only by gaining
a clear understanding of these changes and their driving forces can
the development of high-k gate stacks be placed on a firm footing.
Analytical electron microscopy, in particular electron energy loss
spectroscopy (EELS), allows the local atomic environments in the
layers and interfaces in gate stacks to be probed with nan0111etre scale
spatial resolution. In this contribution we will discuss how EELS can
be used to provide unique insights into the structure-property
processing inter-relationships in these chemically complex multilayer
structures.

GIO.2I
Optimization and Integration of a Long Pulse Laser Thermal
Process for Ultra-Shallow Junction Formation of CMOS
Device. Julien Venturini l , Miguel Hernandez l , Cyrille Laviron2 ,
Hassan Akhouayri3 and Jacques Boulmer4

; "S0PRA, Bois-Colombes,
France; 2CEA-G/LETI, Grenoble, France; 3Institut Fresnel, Marseille,
France; 4IEF, Orsay, France.

We present results on ultra-shallow junction formation for the sub 65
n111 CMOS node by nleans of a Long Pulse Laser Ther111al Process
(LP-LTP). This method achieve to form abrupt and ultra-shallow
junctions with low resistivities, but the different irradiated structures
like transistor gates need to be preserved. To assess the integration of
the laser process in the fabrication of a CMOS device, we studied two
laser process windows enlargenlent : first, the influence of optical
coatings deposited before the laser irradiation in order to protect the
structures and second the proper use of the explosive crystallization of
pre-amorphized implanted layer during laser irrdiation. Different
nlaterials and coating thicknesses have been evaluated on blanket
implanted wafers under a long pulse Excimer laser (200ns-15 J)
irradiation. The junctions have been characterized by 4-point probe,
in-situ reflectivity, UV photolnetry and transnlission electronic
microscopy (TEM) pictures. Irradiations have also been performed on
coated CMOS structures with 35 nm junctions to assess the
integration of the process on a real structure. A selective etching
scanning electronic microscope (SEM) view shows that a proper
optical coating coupled to the explosive crystallization induced by the
long laser pulse optimizes the coupling of the deposited laser energy
and i111proves the integration of the laser activation process of future
CMOS junctions.

GIO.22
Effect of Process Parameters on the Structral and El"etri"a]
Properties of Barium Strontium Titanate Thin Films Grown
by LS-MOCVD. Young Kuk Lee, Taek-Mo Chung, Chang Gyoun
Kinl and Yunsoo Kinl; Thin Filnl Materials Laboratory, Korea
Research Institute of Che111ical Technology, Taejon, South Korea.

High dielectric nlaterials with a perovskite-structure have attracted
much attention in memory devices such as DRAMs or FeRAMs.
However, low volatility of the Ba, Sr, or Zr precursors with only
THMD ligands has li111itations in obtaining high quality thin fil111S due
to the low volatility. To improve the volatility of these precursors,
111any atte111pts have been 111ade such as adding various ligands to
satisfy the coordinative saturation. We report the synthesis of new
precursors Ba(thd)2(tmeea) aud Sr(thdh(tmeea), where tmeea =
tris[2-(2-methoxyethoxy)ethyl]amine, aud LS-MOCVD of barium
strontiunl titanate (BST) thin filnls using these precursors. Due to
increased basicity of anlines cOlnpared with ethers, it is expected that
the nitrogen-donor ligand will nlake a strong bond to a nletal than an
analogous oxygen-donor ligand, consequently iInproving the volatility
and ther111al behavior of these precursors. BST thin fil111S were grown
on Pt(I11)/Si02/Si(100) substrates by LS-MOCVD using a cocktail
source consisting of the conventional Ti precursor Ti(thd)2(0'Pr)2
and these new Ba and Sr precursors. As-grown filnls were
characterized by XPS, SEM, XRD, XRF, aud C-V and I-V
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nleasurenlents. BSTO filnls grown in the tenlperature ranges of
400-450 °C were almost stoichiometric with very smooth surface
nl0rphology. The nlaxinlunl dielectric constant was nleasured up to
460. Dependence of the conlposition, luicrostructure and the electrical
properties of the BST filIus on the growth teluperature, annealing
tenlperature, anneaing atnl0sphere and working pressure also will be
preseuted.

GIO.23
Study of Dielectric Titanium Dioxide Thin Film Deposited by
Plasma-Enhanced Atomic Layer Deposition. Guoxia Liu1.2,
Fukai Shan2, Won-J ae Lee1.2, G. H. Lee1.2, I. S. Kim1.2 ami R. C.
Shin1.2; 1Departluent of Infornlation Engineering, DongEui
University, Busan, South Korea; 2Electronic Ceranlics Center,
DongEui University, Husan, South Korea.

Titaniunl dioxide thin filnls were deposited by plasnla-enhanced
atomic layer deposition (PE-ALD) technique with alternating supply
of reactant source, Ti[N(CH3)2]4, and oxygen palsma at different
temperatures. X-ray diffraction (XRD) was used to investigate the
structural properties. It is found that, the thin film deposited at the
tenlperatures lower than 200 centigrade is anlorphous; the thin filnl
deposited at temperature higher than 300 centigrade has (101), (200),
and (211) orientations which belong to anatase phase. The thin films
deposited at low temperatures were annealed at 500, 700, and 900
centigrade in rapid thernlal annealing (RTA) systenl for 1 nlinute.
The aluorphous thin filnls showed anatase phase after annealing in
RTA system. Atomic force microscope was used to investigate the
surface morphologies of thin films. The as-deposited thin films showed
very snlooth surface, the roughness is as snlall as 0.3 nnl. The surface
of the thin filnls becanle rougher with increasing annealing
tenlperature. The transnlittance spectra were used to calculate the
band gap energies of the thin filnls. The band gap energies of the thin
films were around 3.2 eV. The electrical properties of Pt/dielectric/Si
structured filnls were investigated. The leakage current density was as
small as 10-7 A/cm2 up about 1000 kV /cm.

GIO.24
Amorphous AB03 on Si. Fude Liu', Lisa F. Edge 2

, Darrell G.
SchlOlU2 and Gerd Duscher1.3; 1Departluent of Materials Science and
Engineering, North Carolina State University, Raleigh, North
Carolina; 2DepartInent of Materials Science and Engineering, Penn
State University, University Park, Pennsylvania; 3Condensed Matter
Division, Oak Ridge National Lab, Oak, Ridge, Tennessee.

Aggressive down scaling of CMOS devices requires the introduction of
an alternative insulator to replace Si02. Generally, there are two
groups of possible high-K oxides of technological inlportance, binary
nletal oxides and perovskite-type nlaterials. Perovskite-type nletal
oxides (AB03) have many unique properties [1]. For CMOS
technology, the extrenlely high dielectric constant of this nlaterial
class nlakes thenl an obvious candidate. A good interface for this
application requires either that the perovskite is anlorphous, or that it
is crystalline with a low density of dangling bonds between it and the
underlying silicon. Anlorphous perovskites are one solution, as they
are expected to be able to adjust their local bonding and reduce the
silicon dangling bonds at the interface. However, these ionic nlaterials
must be kept amorphous even after post-deposition high-temperature
processing in order to nlaintain a sharp interface and avoid possible
additional leakage along grain boundaries. A crystalline oxide on
silicon involves nlore effort, but it avoids the steric hindrance and
bond-coordination problems inherent in amorphous oxides [2]. In this
study, we concentrate on the fornler case. Z-contrast inlaging, EELS
and HRTEM have been applied to study the interfaces of the
SrTi03/Si and LaSc03/Si systems. Especially, the formation of
interface layers with different deposition conditions is analyzed.
Acknowledgement This work has been funded by the National Science
Foundation under contract number DMR 0244724 and the U.S.
Department of Energy under contract number DE-AC05-000R22725.
References: [1] Yu et aI., Mat. Res. Soc. Symp. Proc. (2003) 747. [2]
R. A. McKee,et aI., Science, 293 (2001) 468

GIO.25
Perowskite Based Alloyed Thin Films with High k as
Alternative Gate Oxides for Microelectronic Applications.
Juergen Schubert, Tassilo Heeg and Martin Wagner; ISG I-IT,
Forschungszentrunl Juelich GnlbH, Juelich, Gernlany.

The search for a replacenlent of Si02 as gate oxide in nlicroelectronics
didn't succeed until now. The Inaterials with high bandgap and high k
(Hf02, LaA103 and several silicates) have material specific
disadvantages. We have prepared thin filnls of a new alloy based on
perowskite Inaterials using pulsed laser deposition. Epitaxial filIus
were grown on SrRu03//SrTi03(lOO) as well as amorphous films on
silicon substrates. The epitaxial filnls are investigated to nleasure the
physical properties of the crystalline material. We will present the

crystallographic characterization of the thin filnls using
RBS/Channeling and XRD-studies. Electrical measurements (CV,
leakage current) show for example high k>35 for the epitaxial and
anlorphous filIus. A diffusion between the new nlaterial and silicon is
not. ohserverl.

GIO.26
Characterization of Zr Incorporating; Gd203 Fih'll. S. A. Park',
Y. K. Kim', J. H. Baeck', I. S. Jeong', M. K. Noh', K. Jeong' and
M.-H. Ch02

; 'Department of Physics, Yonsei University, Seoul, South
Korea; 2Korea Research Institute of Standards and Science l Daejeon,
South Korea.

Gd203 films incorporated with Zr02 were deposited on various
substrates with e-beanl evaporation by reactive thernlal evaporation.
X-ray diffraction and RBS data showed that Gd203 films incorporated
with Zr02 are superior epitaxial quality to pure Gd203 films. The
inlproved crystallinity is caused by suppression of interfacial reaction
between rare earth metal Gd and Si substrate. X-ray photoelectron
spectroscopy showed that silicide layer between Si and Gd formed in
as-grown filnl and the silicate fornlation process was prevail over the
filnls after annealing treatluent. The reaction at interfacial region
influenced thermal stability of the films such as morphology and
crystallinity which are confirmed by AFM and X-ray reflectivity data.
As the annealing tenlperature goes up to higher, Ge segregation is
observed in the filnl. In this work, we found that interface reaction in
the filIn was closely related to the substrate and post annealing.
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8:30 AM *Gll.l
High Current Drivability MOSFET Fabricated on Si(llO)
Surface. Akinobu Teralnoto and Tadahiro Ohnli; New Industry
Creation Hatchery Center, Tohoku University, Sendai, Japan.

This paper demonstrated the CMOS characteristics on Si(110) surface
by using surface flattening process and radical oxidation. By fonuing
a MOS device on Si(110) surface, the high-speed and low flicker noise
p-MOSFET can be realized. Furthermore, the current drivability of
p-MOS and n-MOS has balanced in the CMOS (balanced CMOS) on
Si(llO) surface can be also realized. These are very useful to the
analog/digital nlixed signal circuits. In Current CMOS, the current
drivability of p-MOSFET is about 1/3 of that of n-MOSFET. Then,
the occupied area of p-MOSFET is 3 times larger than that of
n-MOSFET, and each current drivability of p-MOSFET and
n-MOSFET is unbalanced. It is well kwon that the hole mobility in
the p-MOSFET on Si(110) is much larger than that on Si(100) which
is used to current LSI. However, it is also well kwon that a high
quality gate oxide cannot be fornled except on Si(lOO) surface. We
have reported that the radical oxidation using nlicrowave-excited very
low electron tenlperature plasnla can fornl the high quality oxide
which has low fixed charge density and low interface trap density on
every silicon surface; as a result, every silicon surface can be enlployed
for LSI fabrication. The current drivability of p-MOSFET on Si(110)
surface can be 3 tinles larger than that on Si(lOO) surface by using
the radical gate oxide fornlation. However, the electron nlobility on
SI(110) surface is 0.6 times less than that on Si(100) surface. It is
considered that the surface micro-roughness on Si(110) surface is very
large conlpared with Si(lOO) surface, and the electron nlobility in the
channel on Si(llO) surface is nlore sensitive against interface
micro-roughness than that on Si(100) surface. We employ the 5-step
roonl tenlperature clean which consist all acid solution; as a result,
the silicon surface is not etched by cleaning solutions and the surface
nlicro-roughness on Si(llO) can be reduced. The electron nlobility in
n-MOSFET on Si(110) surface can be improved and flicker noise in
MOSFETs can be reduced by using the surface flattening by the
isotropic oxidation, such as high tenlperature wet oxidation, and the
5-step roonl tenlperature clean which does not generate the surface
micro-roughness. The balanced CMOS that is constructed by same
current drivability n-MOSFET and p-MOSFET can consist on Si(110)
surface. By using the balanced CMOS, the NOR circuit is same area
and same oscillation frequency as the NAND circuit, although the are
of NOR circuit is larger than that on NAND circuit on Si(100)
surface. In the CMOS switch which is usually used in analog circuits,
the offset of output voltage beconles snlall since parasitic capacitance
balances between n- and p-MOSFETs by using the balanced CMOS.

9:00 AM *Gl1.2
Advanced High-Mobility Semiconductor-On-Insulator
Materials. Bruno Ghyselen, Ian Cayrefourcq, Fabrice Letertre,
Takeshi Akatsu, George Celler and Carlos Mazure; SOITEC, Bernin,
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France.

SOl is today the substrate of choice for several applications, including
high perforInance, low voltage, and low power consunlption ICs.
Although the adoption of SOl enables extending silicon based IC
capabilities, the ITRS roadmap poses additional technological
challenges. New technological solutions are being explored in order to
boost circuit perfornlance for the next logic and lnixed signal
generations. Increasing the charge carrier nlobility has been identified
as one necessary requirenlent to nleet the future denlands. 80nle
solutions to increase nlobility are based on local strain that can be
induced in Si CMOS transistor channels by transistor lnanufacturing
steps such as nitride spacer deposition or SiGe pockets fornlation: the
so-called local strain or process-induced strain approach. This
approach has an advantage that it seenlS to depend only on the
precise tuning of sonle basic deposition or etch steps at the transistor
level. However, this method is clearly dimension (scalability),
transistor technology and design dependent. The strain that needs to
be initially applied and the way it transfers to the point of use
(CMOS channel) depend on nlany aspects of device, circuit
architecture, and processing. In this paper, we will review several
alternative solutions to increase lnobilities at the substrate level. Such
solutions, which nlay be conlbined with process-induced strain, have
as the main advantage that they transfer the high mobility building
and engineering concerns to the starting lnaterial level, adding value
to the starting substrates and sinlplifying the tasks of device designers
and process engineers. Anlong the different substrate level approaches
to increased nlobilities in SOl architectures, we will focus on three
main families: (1) moving to strained Si and/or SiGe layers On
Insulator, (2) moving to monocrystalline Ge-On-Insulator substrates
and (3) re-visiting crystalline orientation effects on nlobilities through
specific conlbinations of crystalline orientations of senliconductor
layers on Insulator. The attractiveness at the device level of those
nlaterial based solutions is largely fixed and lnay be nleasured by their
compatibility with CMOS integration processes, standard MOSFET
architectures, and circuit layouts. In each case, we will give an
overview of the development status at the substrate level. Different
nlaterial lnanufacturing techniques will be considered, and the
potential of wafer bonding and layer transfer techniques (such as
Smart Cut TM) will be highlighted. Results of in-depth physical
characterization of these substrates will be shown in order to
demonstrate the present quality of the advanced High-mobility
Semiconductor-On-Insulator materials of interest. Those results, in
addition to the remaining technical challenges to be met at the
substrate level, will serve to show for which of the ITRS technological
roadnlap nodes those fanlilies of innovative substrates will bring
appropriate enabling solutions.

9:30 AM Gl1.3
Surface Orientation Dependence of Inversion Carrier
Mobilities in HfAlOx CMOS Fabricated on (100), (110) and
(Ill) Si Substrates. Hiroyuki Ota ' , Kenji Okada2

, Hideki Satake2

and Akira Toriumi1.3; ' MIRAI-ASRC, AIST, Tsukuba, Ibaraki,
Japan; 2 MIRAI-ASET, Tsukuba, Ibaraki, Japan; 3The Univ. of
Tokyo, Bunkyo-ku, Tokyo, Japan.

The inversion layer nlobility degradation is one of critical issues in
high-k MOSFETs, and the degradation nlechanisnl should be urgently
clarified. This paper discusses the inversion layer carrier nlobilities of
high-k MOSFETs on various surface-orientated Si, which is expected
to offer invaluable infornlation on the carrier scattering nlechanisnl.
Since the scattering rate T e -1 is proportional to the density of state
nlass md. in a two dinlensional electron systenl, we introduce a new
paranleter of effective nlass independent scattering rate 7)-1 as
7)-1=md-1Tc-1, where T c - 1 = (e/mc)mu, e, me, and mu are the
electronic charge, the conductivity nlass and the inversion carrier
nlobility, respectively. By using 17- 1, we can conlpare the nlobility
values on different surface orientations fronl the viewpoint of the
effective nlass independent scattering rate. Both n- and p-channel
MOSFETs with n+ poly-Si gate electrodes were fabricated on (100),
(110) and (111) Si substrates. The channel direction was along <110>
for all of the devices. 4 nm-thick HfA10". (Hf: 60 at. %) films were
deposited on thermally oxidized interfacial Si02 layers (1.6 nm) by
the LL-D&A process [1]. MOSFETs with conventional Si02 were also
fabricated. It was found that the mobility of HfA10". p-MOSFETs on
(110) is 2.3 times larger than the universal hole mobility on (100),
thus p-MOSFET on (110) seems to be promising for advanced CMOS.
However, it was certainly degraded when conlpared with (110) Si02

p-MOSFET and nlore detailed analysis is needed. Concerning the
scattering mechanisms in the inversion layer, the 7)-1 of hole for (111)
was similar to that for (110), and larger than that for (100). This is
understandable by the enhanced interface state scattering, because
the interface state densities of the HfA10". gate stack on (110) and
(Ill) were twice as large as that of (100). On the other hand, 7)-1 of
electron is in order of (100), (110), and (111). This fact cannot be
simply explained by the difference of the interface state density. We
consider that the spatial distribution of the wave function in the

inversion layer on the three orientation substrates lnay explain the
experinlental results. In sunlnlary, the following conclusion was
obtained fr01n the surface orientation dependence of the effective nlass
independent scattering rate 7) -1: in the case of hole, the scattering is
the interface sensitive, while in the case of electron it is deternlined
not only by the interface but also by the wave function characteristics.
These results suggest a guideline for inlproving the inversion layer
mobility. This work was supported by NEDO. [1] T. Nabatame eta!.,
VLSI Symp. Tech. Dig., p 25 (2003).

9:45 AM Gll.4
Tnt"rdiffllsion Studies Under Oxidative Conditions in Si-Ge
Heterostructures. Nevran Ozguven and Paul C. McIntyre; Materials
Science and Engineering, Stanford University, Stanford, California.

In this study, we explore two different conditions of interdiffusion in
SiGe heterostructures. First, we present the results of interdiffusion
nleasurenlents on single crystal Si 1-:1: Ge:1: /Si 1_ y Ge y superlattices
grown by low-pressure chemical vapor deposition (LPCVD) onto Si
(001) substrates. The effects of Si surface oxidation, a well-established
method for injection of interstitial defects into silicon, on Si-Ge
interdiffusion is studied. An epitaxial Si cap, which is partially
consunled during dry O 2 post-anneals, is grown on these superlattices
for the oxidation experinlents. The interdiffusion kinetics is nleasured
via high resolution superlattice x-ray diffraction (XRD), which
involves monitoring the decay of x-ray (000) or (004) superlattice
satellites as a function of annealing tinle. The effect of oxidation on
the interdiffusivity of Si and Ge is studied over the temperature range
770°C to 870°C and we show the effect of Ge concentration on the
interdiffusion kinetics. We also explore the effects of direct oxidation
of a LPCVD-grown Si , _".Ge" layer prepared on a SOl (100) substrate.
In this case, thernlal oxidation is carried out at telnperatures below
the nlelting point of Si1-J:Ge~1:' This is a possible nleans of preparing
high nlobility Ge-rich selniconductor channels on insulator for future
high perforInance transistors. During oxidation the Ge atonlS are
rejected from the Si02 layers, and their out-diffusion is suppressed by
the top and buried oxides. As a result, the thickness of the SiGe layer
decreases and the Ge concentration in the SiGe layer increases.
Transmission electron microscopy (TEM) is used to measure the
thickness and to observe the crystal quality of the resulting Ge-rich
layer. The Ge fraction in the SiGe layer as a function of process
conditions is determined using XllD and Rutherford backscattering.
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10:30 AM *GI2.1
High Dielectric Constant Oxide Stacks on Germanium for
CMOS: Materials Challenges. Supratik Guha ' , James Chen2

,

Sanjay Banerjee2, Edward PreislerJ
, Nestor Bojarczuk1, Michael

Gribelyuk3 , Alex Zaslavsky4, B. R. Perkins4 and D. Kazazis4
; 1 IBM

T. J. Watson Research Center, Yorktown Heights, New York;
2Electrical Engineering, University of Texas at Austin, Austin, Texas;
3IBM Microelectronics Division, East Fishkill, New York; 4Electrical
Engineering, Brown University, Providence, Rhode Island; J Jazz
Senliconductor, Newport Beach, California.

There is nlllch activity today towards replacing the Si/Si02 interface
with a Si/high-k oxide stack in silicon MOSFETs. This work has in
turn stinlulated discussion for replacing the silicon itself with
germanium for a Ge/high-k interface as a basis for a future CMOS
technology. The developnlent of insulating high-k dielectrics on
gernlaniunl is at a prelinlinary stage conlpared to silicon. However,
several clear differences have enlerged, related generally to the lower
tenlperature stability of gernlaniunl and the relative instability of
gernlaniunl oxide conlpared to silicon oxide. We will describe the
effects of these differences in developing processes for optinlizing the
electrical quality of Ge-Hf02 and Ge-A1203 interfaces. We show that
it is relatively easy(compared to Si) to grow dielectric stacks that
have very low electrical thickness on Ge. At the sanle tinle we
demonstrate, through mobility measurements on Ge-Hf02 MOSFETs,
that the reduction in electrical thickness conles at the cost of reduced
carrier nlobility for sanlples that were sinlilar in all other aspects.
This is observed in both p and n FETs and the reason for this is not
clear. It however questions the perceived benefits of adopting a Ge
based CMOS approach. A Ge CMOS technology also needs to be
based upon a gernlaniunl-on-insulator (GOI) platfornl. We will
describe our efforts at growing ultrathin epitaxial gernlaniunl on
crystalline insulator structures. We denlonstrate sinlple back gated
MOSFETs made from such structures and show that it is possible to
obtain fully depleted effects in such devices.
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11:00 AM *G12.2
Atomic Layer Deposition of Hig;h-k Dielectrics on Ge and
GaAs. Marco Fanciulli, Laboratorio Nazionale MOM, Istituto
N azionale per la Fisica della Materia, Agrate Brianza, Italy.

The scaling down of 1110dern nano-electronic devices, based on aMOS
structure, has 1110tivated an intense activity on high-k dielectrics.
Although a large number of materials have been investigated, suitable
candidates have not been identified yet. A possible intrinsic problem
could be also related to the reduction of the effective electron mobility
in the inversion layer of the Si substrate due to remote phonon
scattering. High-mobility substrates such as Ge, despite the lower
junction breakdown voltage and difficulties in the etching steps, and
GaAs are now reconsidered for MOSFET applications due to the
availability of a variety of insulating materials. The application of the
atomic layer deposition (ALD) process on Ge and III-V compound
sen1iconductors opens new opportunities for sen1iconductor devices.
The growth, by ALD, and characterization of high-k dielectrics (Hf02
and Rare Earth Oxides) on Ge and GaAs will be discussed with
particular en1phasis on the sen1iconductor/oxide interface structure
and physical and chen1ical properties, such as C0111position, defects,
and band offsets.

11:30 AM G12.3
Soft X-ray Photoemission Studies of Hf02 on Ge (001).
Kang-ill Seo 1

, Shiyu Sun2
. 3 , Dong-Ick Lee1

.3 , Piero Pianetta3 ,

Krishna C. Saraswat4 and Paul C. McIntyre1
; 1 Materials Sci.ence and

Engineering, Stanford University, Stanford, California; 2Physics,
Stanford University, Stanford, California; 3Stanford Synchrotron
Radiation Laboratory, Stanford University, Stanford, California;
4Electrical Engineering, Stanford University, Stanford, California.

Recently, high-k dielectrics on Ge channels have been studied widely
for MOSFET applications to take advantage of the high intrinsic
electron mobility (2x) and hole mobility (4x) of Ge, compared to that
of Si, and to avoid using poor quality gern1aniun1 oxide as a gate
dielectric by adapting high-k films developed for Si CMOS technology.
As a high-k gate insulator on Ge, GeOxNy, Zr02, Hf02 and Al203
have recently been studied. Although n1any pron1ising results have
been reported, such as low gate leakage current density and enhanced
hole mobility, little attention has focused on the chemical nature of
the interfacial layer between high-k and Ge and the associated energy
band alignn1ent at the interface. In this presentation, we report the
chen1ical bonding structure and valence band alignn1ent at the
Hf02/Ge (001) interface by systematically probing various core level
spectra as well as valence band spectra using synchrotron x-rays at
beam line 8-1 of the Stanford Synchrotron Radiation Laboratory. We
investigated chen1ical bonding changes as a function of depth through
the dielectric stack by taking a series of XPS spectrum as we etched
through the Hf02 film using diluted HF-solution. The photon energy
was tuned to achieve high surface sensitivity. First, we used aton1ic
force n1icroscopy to confirn1 that 2% HF-solution etching does not
deteriorate the Hf02 filn1 by increasing surface roughness or
generating pin holes. By analyzing Ge 3d core levels precisely, we
found that a very thin GeOx layer of ~0.3nm thickness with highly
non-stoichiometric chemical nature exists at the Hf02/Ge interface.
The valence band spectra near the Fern1i level for each etched filn1
structure were carefully fitted, and as a result, the valence band offset
between Ge and GeOx was determined to be Ev(Ge) - Ev(GeOx) =
~2.2 eV, and between Ge and Hf02, Ev(Ge) - Ev(Hf02) = ~2.7 eV.
The in1plications of this highly non-stoichion1etric GeOx interfacial
layer and the observed energy band alignn1ent for electrical properties
such as C-V and I-V characteristics will be discussed.

11:45 AM G12.4
Characterization of MBE Grown Hf02 films on Ge(OOl).
Claudia Wien1er1

, Grazia Tallarida1
, Sandra Ferrari 1

, Marco
Fanciulli 1

, Sascha Kren1n1er2, Christian Teichert2, Jin Won Se04 ,
Christel Dieker4 and Athanasios Dimoulas3

; 'MDM-INFM, Agrate
Brianza, Mi, Italy; 2Institute of Physics, University of Leoben,
Leoben, Austria; 3MBE Laboratory, NCSR, Paraskevi Attikis, Greece;
4Institute of Physics of Complex Matters, EPFL, Lausanne,
Switzerland.

The structural and chemical properties of Hf02 deposited on
gern1aniun1 strongly influence the electrical behaviour of
n1etal-oxide-gern1aniun1 capacitors and therefore the integration of
high-/'< dielectrics on high mobility substrates. Due to the poor .
electrical quality and thern1al stability of gern1aniun1 oxide, growIng
Hf02 on Ge and assuring a high quality interface is of prin1ary
interest. The n10rphology, as well as the stoichion1etry and thickness
of the interlayer deposited, or developed during the growth, and its
influence on the Hf02 film must be addressed. In this work we
investigate the structural and chen1ical properties of Hf02 filn1s
deposited on Ge by n101ecular bean1 epitaxy at different ten1peratures
(60-360 DC). The films were grown on Ge (001) either on a 2x1
reconstructed surface, or on a GeO;rNy layer. Very sn100th and dense

Hf0 2 films are obtained on all the investigated surfaces. The
crystallisation of Hf02 is influenced by the deposition temperature
and by the nature of the starting Ge surface. Tin1e of flight secondary
ion mass spectrometry depth profiles show Ge diffusion into the Hf02

deposited on GeO"N y . This result is confirmed by energy dispersive
x-ray spectroscopy profiles of cross section high-resolution
transn1ission electron n1icroscopy in1ages. Spatially resolved current
maps, obtained by conducting-AFM at fixed bias voltage, show that
the presence of 'weak' spots, where a high current between the probe
and sample is detected, is related to the nature of the interfacial layer,
as well as to the crystallinity of the Hf02 film.

SESSION G13: Metal Gates and FUSI Gates-II
Chairs: E. Gusev and H. Shang
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1:30 PM *G13.1
Gate Work Function and Fermi Level Pinning; on Hf02
Dielectrics. John Robertson and Ka Xiong; Engineering, Can1bridge
University, Can1bridge, United Kingdon1.

High dielectric constant or high K oxides are needed to replace silicon
dioxide as the gate oxide in future CMOS devices. The favoured oxide
is Hf02. High K gate oxides have a narrower band gap than Si02 and
therefore their band alignn1ent pinning factor S is less than 1, the
Schottky limit. There has been considerable debate about the
in1plications of this for the choice of work functions for n1etal gates
[1], and the related question of Fern1i level pinning at poly-Si gate
electrodes on Hf02 [2J. First we note that photoemission [3] and
internal photoen1ission data [4] confinu a value S'"'-'0.5 for Hf02, for S
in din1ensionless units. This is the san1e as expected theoretically by
the MIGS model [5J. Second, Yeo et al [lJ then argued that for dual
metal gates on Hf02, this requires the NMOS and PMOS metal work
functions would need to be separated by Eg/S or ~2 eV, which is
practically impossible (Eg is the band gap of Silo This leads to the
belief that metal gates cannot easily be implemented with Hf02 gate
oxides and low threshold voltages, despite the fact that son1e firn1s
have actually done it [6]. We argue here that this n10del not true.
Dual n1etal gates does not correspond to a change in work function
applied to a single systen1, but to two separate systen1s of gates on
n-Si and p-Si substrates. The work function difference needed is then
nearer Eg. Thirdly, we model the apparent pinning of the work
function at Hf02:poly-Si gate stacks [2]' and show that partial
pinning by Hf-Si bonds is consistent with the experin1ental
observation. We have constructed various atoluic n10dels of an abrupt
Hf02:Si interface [7] for mainly O-termination and partial Hf-Si
bonding. Unlike the Hf02:channel interface which can contain a thin
Si02 interfacial layer and is likely to be O-rich, the Hf02:poly-Si
interface is likely to be abrupt and contain some Hf-Si bonds because
it is formed in a O-poor ambient. 1. Y C Yeo, T J King, C Hu, J App
Phys 92 7266 (2002) + IEEE ED Letts (2001) 2. C Hobbs et aI, Tech
digest VLSI (2003); C C Hobbs et ai, IEEE Trans ED 51 971 (2004);
ibid 51 978 (2004) 3. S Sayan, .. , J Robertson, E Garfunkel, Proc ECS
(2004-01) p255 4. V V Afanaseev, M Houssa, A Stesmans, M M
Heyns, J App Phys 91 3079 (2002) 5. J Robertson, J Vac Sci Technol
B 18 1785 (2000) 6. P Chau et aI, IEEE ED Letts 25 408 (2004) 7. P
W Peacock, J Robertson, Phys Rev Letts 92 057601 (2004)

2:00 PM G13.2
Gate Metal/Hf02 Interactions in MOSFET Stacks: Dissolved
Oxygen and Other Pitfalls. Matthew Copel, E. J. Preisler, R.
Pezzi, N. A. Bojarczuk, M. C. Reuter, E. Gusev, S. Gulla and F. R.
McFeely; IBM, Yorktown Hts, New York.

Recent interest in metal-gated high-k MOSFET stacks has led us to
investio-ate reactions between "inert" n1etals and Hf02. pFET
candid~tes such as Wand Re are valued for their lack of reactivity.
Yet under certain conditions, reactions can take place. Dissolved
oxygen in the gate n1etal is a particular problelu, since it can react
with the silicon substrate to increase buffer layer thickness during
high ten1perature processing. In extren1e cases, there is an increase in
Tinv of up to 20A due to the formation of interfacial oxides between
the Hf02 and the silicon. Both structural probes (medium energy ion
scattering) and electrical n1easuren1ents point to the in1portance of
oxygen solubility in n1etals, which is high in n1any candidate gate
stack electrodes. We find the strict control of dissolved oxygen is
critical to n1aintaining low EOT in thern1al processing of n1etal-gated
Hf02 FETs. Reduction of gate dielectrics is another possible
difficulty, potentially altering device thresholds and ultin1ately causing
unacceptable leakage characteristics.

2:15 PM G13.3
Fermi-Level Pinning of Fully Silicide Gate Electrode on
Hf-Silicate Gate Insulator. Kazuaki Nakajin1a, Seiji Inull1iya, Akio
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Kaneko, Soichi YaInazaki, Kazuhiro Eguchi and Yoshitaka
Tsunashinla; Toshiba Corporation, Senliconductor Conlpany,
Yokohanla, Japan.

Metal gate electrode without gate depletion and B penetration is
required to realize high performance CMOSFETs for hp 45nm
generation and beyond. Fully silicide gate processing is attractive
technology for realizing nletal gate transistors, since it is conlpatible
with conventional Si processing. However, it is reported that work
function of fully silicide gate electrode on high-k dielectric differs from
that of fully silicide gate electrode on Si02. Therefore, in order to
clarify the root causes of this phenomenon, we studied the
workfunction of various kinds of fully silicide gates on HfSiON gate
insulator. In this report, we discuss about a thermal stability of fully
silicide gate and a controllable range of workfunction on both Si02
and HfSiON gate insulator. In this study, we formed MOS capacitors
to nleasure workfunctions of various fully silicide gates. At first, a
Si02 gate insulator is thernlally grown on Si substrates. Oxide
thickness is varied from 5nm to lOnm. A HfSiON film wit.h t.hickness
of 4.5nm is deposited on the Si02. A 100nm thick Poly-Si film is
deposited on the HfSiON/Si02 stacked gate insulator. Poly-Si gate is
formed by dry etching. On the Poly-Si gate, various metal films, such
as Ni, Co, Pt, and Er, are deposited. Silicide fornlation is carried out
by annealing at the range of tenlperature fronl 250 0 C to 450 0 C for
Ihours in a N2 ambient. After the silicide formation, unreacted metal
is renloved. Finally, fonning gas annealing is carried out at 450 0 C for
Ihour. We obtained work functions of metal silicide gates from flat
band voltage as a function of dielectric film thickness by C-V We
examined thermal stability of fully silicide gate on both Si02 and
HfSiON gate insulator. In Ni2Si gate, a fully silicide is completely
formed at 350° C. At annealing temperature of silicide formation above
400°C, leakage current of MOS capacitor with HfSiON gate insulator
degraded. On the other hand, no degradation is observed on MOS
capacitor with Si02 gate insulator at annealing tenlperature of 450C.
The degradation of electrical property is due to diffusion of Ni atonlS
into the HfSiON gate insulator. Work function of Ni2Si gate electrode
on Si02 and on HfSiON gate insulator are 4.66eV and 4.73eV, In PtSi
gate, no degradation is observed on MOS capacitor with HfSiON gate
insulator at annealing tenlperature of 450 0 C. In order to exanline the
interface between PtSi and gate insulator, we observed the cross
section by TEM. No apparent interaction of PtSi/HfSiON is observed.
However, work function of PtSi gate electrode on HfSiON The work
function of metal silicide on the Si02 was successfully controlled from
3.geV to 4.8eV by using ErSi1.7 and PtSi gate electrode. The
controllable range of workfunction of these fully silicide gate is 0.geV.
On the other hand, the controllable range of work function was found
to be so narrow as 0.34eV on the HfSiON gate insulator, even though
rare earth metal silicide and noble metal silicide are used.

2:30 PM G13.4
Intermixing in NiSi/Hf02/SiOx/Si Gate Stacks.
Michael Gribelyuk3 ." Cyril CabraI 2

." Nestor Bojarczuk2." Supratik

Guha2.1
, Evgeni Gusev2.1 and Vijay Narayanan2.1

; 1 Senliconductor
Research and Development Center, IBM, Hopewell Junction, New
York; 2Research Division, T. J. Watson Research Center, IBM,
Yorktwon, New York; 3Systems and Technology Group, IBM,
Hopewell Junction, New York.

Implementation of fully silicided metal gates (FUSI) together with
high-k gate dielectrics provides a pronlising path toward further
scaling of semiconductor CMOS devices. A combination of High
resolution TEM (HRTEM) and a 0.5nm small probe electron energy
loss spectroscopy (EELS) has been applied to study interfacial
reactions between Inetal gate, NiSi, and high-k gate dielectric, Hf02.
NiSi was found to be polycrystalline with the grain size varying fronl
5nnl to 10nnl. S0111e 2nln large Si regions were found between the NiSi
grains. On the other hand, sonle NiSix grains at NiSi/MOCVD Hf02
interface were lnatched by lattice inlages to aNi-rich nl-Ni3Si phase,
thus confinning a non-unifonn distribution of Ni both in bulk and at
the interface and incomplete silicidation. EELS analysis has shown
presence of Ni in Hf02 gate dielectric (but not in underlying Si oxide
£lnl!). The sanle conclusion was drawn fronl analysis of lattice
spacings of sonle crystalline grains of Hf oxide in HRTEM inlages:
they could not be matched to any of reported Hf oxide phases
whereby the best match was found for the Ni21Hf8 alloy. A monolayer
of Si3N4 grown by MBE between Hf oxide and NiSi to prevent
internlixing was found ineffective: HRTEM and EELS data showed
sinlilar results as in the stack without Si nitride.

2:45 PM G13.5
Combinatorial Study of Metal Gate Compatibility on Hf02 •

Martin L. Greenl, Kao-Shuo Chang2, Toyohiro Chikyow4, Alllned
Parhat4, John Suehle1

, Eric Vogel l , Prashant Majhi3 and Ichiro
Takeuchi2; lNIST, Gaithersburg, Maryland; 2University of Maryland,
College Park, Maryland; 3Senlatech, Austin, Texas; 4NIMS, Tsukuba,
Japan.

The Si nlicroelectronics conlnlunity is currently faced with nlajor
materials challenges to further scaling. The Si02/polycrystalline Si
gate stack that has served the industry for 35 years nlust now be
entirely replaced with one having a higher capacitance and lower
power dissipation. At a minimum, the interfaces of the Hf02/metal
gate electrode advanced gate stack must be thermally stable with
respect to interfacial reactions, and the changes in electrical properties
that would ensue. In this talk, we will describe research aimed at
understanding the thennal as well as electrical stability of nletal gate
electrode layers on Hf02, a likely high-k gate dielectric. Combinatorial
methodologies, ideally suited for this problem since a wide variety of
nletal electrode layers will be exanlined, will be utilized to deternline
the ideal composition and structure of the metal gate electrode. An
ideal metal gate stack is one in which the work function is properly
matched to Hf0 2 , and the interface between the Hf02 and t.he
electrode is stable under typical processing conditions. We will
determine the band structure at the Hf02/metal gate electrode
interface through the extraction of appropriate paranleters fronl I-V
and C-V capacitor nleasurenlents, and internal photoenlission and
Kelvin probe measurements. Typical of the metal gate alloy systems
that will be investigated are binary and ternary conlbinatorial
"libraries" containing Ru, Ta, W, Pt, AI, and Si. We will also present
data for polycrystalline Si gates on Hf02 , for comparison.
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3:30 PM *G14.1
Ge Based High Performance Nanoscale MOSFETs.
Krishna C. Saraswat 1

, Chi On Chui 1
, Tejas Krishnanlohan 1

, Anlnlar
Nayfeh 1 and Paul McIntyre2

j IDepartnlent of Electrical Engineering,
Stanford University, Stanford, California; 2Departnlent of Materials
Science and Engineering, Stanford University, Stanford, California.

It is believed that the difficulty in scaling the conventional Si
MOSFET nlakes it prudent to search for alternative device structures,
new nlaterial and fabrication technology solutions that are generally
conlpatible with current and forecasted installed Si nlanufacturing.
The saturation of Si MOSFET drain current upon dimension
shrinkage linlits the prospect of future scaling. It has been recently
pointed out that a fundanlental scaling linlit for MOSFETs is the
source injection velocity into the channel linliting the drain current.
The lower effective mass (and lower valley degeneracy) of Ge could
alleviate the probleln by providing a higher source injection velocity,
which translates into higher drive current and slnaller gate delay.
Heteroepitaxial growth of Ge on Si, surface passivation for gate
dielectric and field isolation and n-type dopant incorporation are
classic problems that obstruct CMOS device realization in Ge. In this
paper we present a review of the recent activity in this area. Using a
novel nlulti-step growth and hydrogen anneal process we have grown
heteroepitaxial-gennaniunl layers directly on silicon, with defects
confined near the Si/Ge interface, thus not threading to the surface as
expected in this 4.2% lattice mismatched system. The results achieved
are defect-free fully-relaxed smooth single crystal Ge layers on Si
without any graded buffer SiGe layer. High mobility MOSFETs have
been denlonstrated in bulk Ge and in nanowires with high-k gate
dielectrics and nletal gates. In order to enhance perfornlance and
continue scaling MOSFETs to the sub-20nnl reginle, novel,
high-mobility materials like strained-Si and Ge (or Si"Ge,_,,) are
actively being researched for incorporation into the channel. We
denlonstrate novel heterostructures with high nlobility center channel,
double gate Nand PFETs that incorporate novel transport principles,
which fully exploit the advantage of high mobility.

4:00 PM G14.2
MOSFET with La2Hf07 and Hf02 High-k Dielectrics
Integrated in a Conventional Flow. Luigi Pantisano 1

, Thierry

Conard l , Martine Claes l , M. Delnandl , Wiln Deweerd 1
, Stefan

Degendt 1
, Marc Heyns 1

, Michel Houssal , Marc Aoulaiche 1
,

Guilherme Lujan', Lara-Ake. Ragnarsson', Erika Rohr', Tom
Schranl l , J. C. Hooker2, Z. M. Ritterslna2, Jean Fonlpereyne 3

, Jean
Pierre Locquet 3 and A. Dimoulas4

; 'SPDT / Hirel, IMEC, Leuven,
Belgiunl; 2Philips Research Leuven, Leuven, Belgiunl; 3IBM Research,
Ruschlikon, Switzerland; 4N CSR "Delnokritos", Athens, Greece.

N-channel MOSFET were fabricated in a conventional etched gate
flow using either 15A SiON or bare silicon (HF-last) as starting
surface. LaHfO or Hf02 were deposited in an Sin Riber MBE tool.
LaHfO or Hf02 were considered with a physical thickness in the
3-6nnl range. TaN was used as gate lnaterial. Since LaHfO was found
to be hydrophilic and soluble in acid solutions, no polYlner renloval
step was done after gate etching. The gate was spacer-encapsulated
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for protection during the silicidation. The process thennal budgets
have the dopant activation (lOOOC spike for Hf02 or 900C lOs for
LaHO) and fonning gas annealing. The EOT extracted fronl large
area capacitors was ranging from 15A up to 22A. The extracted
k-value for the LaHfO is in the order of 14 and 24 for Hf02. The Vfb
vs. EOT plot indicates that little fixed charge is present in these
stacks. Functional MOSFET were obtained down to L=100nm.
However poor short channel behavior / performances were found due
to the high resistivity of the non-optimised TiSi2 junctions (in the
order of 1KOhm) and process flow (especially for the LaHfO). Tn t.he
following only t.he long channel performance will be discussed. The
perfonnance of these MOSFET was benchnlarked nleasuring the gate
current. JG @ VT+ 1V and t.he peak Gm. The former measures t.he
leakage in a dielectric at operating conditions (i.e., fixed overdrive).
The latter is a quantity proportional to the mobility and the EOT.
For MBE Hf02 similar / better performances were found compared to
other deposition techniques, especially for thin oxides. Consist.ent.
with this picture, the channel electron nlobility was also rather high
(in the order of 300 cm2 /Vs for an EOT of 16A and an int.erfacial
layer of 12A±2A). For LaHfO t.he leakage reduct.ion was dramat.ic at.
operating conditions (JG~1O-7 A/cm2 @ VT+1V). To further analyze
the electrical properties of these nlaterials, the transient
VT-instabilit.y was measured. It is well known that high-k dielect.rics
may have a large density of pristine traps that may be charged /
discharged during the Id-Vg measurement [Kerber et aI., IEEE IRPS
2003]. The Id- Vg hysterisis measured in t.he ps time range can help to
quant.ify / benchmark the number of electrically active traps in these
mat.erials. Within the instrument resolution (~lOmV) even at high
hias (VG=2V) negligible VT-inst.abilit.y was found in all LaHfO st.acks
suggesting that very little pristine t.raps are present in these layers.
Conversely, at the sanle tilne and bias range the Hf02 was exhibiting
a large VT-instabilit.y (~150mV), similar t.o what found in ot.her
experiment.s [Kerber et. aI., IEEE IRPS 2003]. Conclusions: For the
first time 100nm MOSFET fully processed on an 8in tool were
demonst.rat.ed wit.h an et.ched gat.e approach for MBE-deposit.ed Hf02
and LaHfO. Good mobility was found for Hf02 MOSFET. Similar
nlobilities and very low leakage was observed in LaHfO sanlples.
Negligible VT-inst.abilit.y found in n-channel MOSFET wit.h LaHfO.

4:15 PM G14.3
Strained Silicon MOSFETs with HHfni1l1TI Dioxide Gate
Dielectrics Hnn Metal Gate Electrodes. Yanxia Lin, Veena Misra
and Mehlnet Ozturkj Dept. of Electrical and COlnputer Engineering,
Nort.h Carolina St.at.e Universit.y, Raleigh, Nort.h Carolina.

A thin Si layer grown on relaxed Sil_."Ge". is under biaxial tensile
strain and it can provide mobility enhancement for both electrons and
holes. Incorporation of high-K dielectrics on strained silicon is
necessary to fulfill the continuous scaling requirenlents with the
additional benefit of low gate leakage current. Also, the degradation
in carrier mobilit.y due t.o high-K/polysilicon gat.e st.ack can be
partially conlpensated by using strained Si. To elinlinate gate
deplet.ion problems and Fermi level pinning associated with
polysilicon electrodes, nletal gates are also necessary. In this paper,
st.rained-Si MOS capacit.ors and MOSFETs were fabricat.ed wit.h Si02

and Hf0 2 as gat.e dielect.rics and Ru-Ta alloy and TaN as met.al gat.e
elect.rodes. St.rained Si layers were grown on relaxed SiGe virt.ual
substrates by ultrahigh vacuunl rapid thernlal chenlical vapor
deposit.ion (UHV/RTCVD). Hf02 was deposit.ed by physical vapor
deposition (PVD) of thin Hf layers followed by either oxidation at 600
°c in N 2 for 30 seconds or ultraviolet ozone oxidation. Different nletal
gate electrodes, both eleluental luetal and binary nletal alloys, were
deposited by PVD. Devices on bulk Si with same gate stacks were
fabricat.ed as cont.rols. The effect. of met.al gat.e elect.rodes on t.he
channel strain will be discussed by presenting a conlparison of
elect.rical charact.erist.ics bet.ween st.rained Si MOSFETs wit.h Si02 as
gate dielectrics and either polysilicon or nletal gate electrodes. Also,
the interfacial layer fornlation of strained Si/high-K systenl and the
impact. of Ge on st.rained Si channels will be invest.igat.ed by a
comparison of st.rained Si/Si02 and st.rained Si/high-K MOSFETs
wit.h polysilicon gat.e elect.rodes. Finally, t.he elect.rical propert.ies of
strained Si/high-K/metal gate electrode MOSFETs will be presented
to understand the effects of nletal gate electrodes on high-K
dielect.rics and t.he corresponding effect.s on mobilit.y degradat.ion.

4:30 PM G14.4
Physical Properties of Thin Nitrided Hf Silicates and their
Impact on the Performance of Advanced Transistors having a
TaN Metal Gate Electrode. Florence Cubaynes1

, Cees van der
Marel2, Marco Hopstaken2, Sven van Elshocht3, Jean-Luc Everaert3

and Marc Schaekers3 ; Iphilips Research, Leuven, Belgiunl; 2Philips
Research, Eindhoven, Netherlands; 3IMEC, Leuven, Belgiunl.

Hafniunl-based dielectric in cOlnbination with a nletal gate electrode
are seen as the best option to further scale Metal Oxide
Semiconductor (MOS) devices while keeping low power consumpt.ion.
Hf02 gate dielectrics have the advantage of having a higher dielectric

const.ant. (K) than nitrided silicon oxides yielding lower gate leakage
current. for a given equivalent. oxide t.hickness (EOT). However, Hf02
filnls feature disadvantages such as low crystallization telnperature
and channel nlobility degradation when integrated in MOS devices. Si
and N atoms have been incorporated in Hf02 films to mainly improve
their t.hermal st.abilit.y. This work invest.igat.es t.he impact. of each
individual processing st.ep t.o form a high qualit.y HfSiON film. The
physical propert.ies of t.hese films were invest.igat.ed using XPS and
ToF-SIMS techniques. The impact of the physical properties of these
HfSiON films on t.he elect.rical behavior of MOS devices having a TaN
met.al gat.e has also been st.udied. The Hf silicat.es were deposit.ed by
MOCVD using t.wo recipes yielding t.wo Hf concent.rat.ions: Hf/Hf+Si
- 15 % (Si-rich) and 35 % (Hf-rich). We observed that Hf atoms are
directly bonded to 0 and only indirectly to N or Si atoms (next
nearest neighbor). After nit.ridation, a shift. of t.he N1s and Si2p peaks
towards lower binding energies showed that N is nlainly bonded to Si
in t.he HfSiON mat.rix. This result is in good agreement wit.h the
larger anlount of N nleasured in the Si-rich HfSiON filnls. Two
nitridation techniques were investigated: an fl,nnPflJ in NH:1 ann fI

plasnla nitridation. Much higher N concentrations were nleasured for
the plasma nit.rided HfSiON: N/0=50 % and 10 % for plasma nitrided
and NH3 annealed films, respectively. The N profiles were also very
different: a honlogeneous distribution of N in the filnl was observed
for the plasnla nitrided filnls while N was observed at the interface
with Si for the NH3 annealed films. It. was found t.hat. an anneal prior
to nitridation densified the silicate nlaking the fihn nlore resistive to
N incorporation. Finally, the perfonnance of transistors with silnilar
gat.e dielect.rics has been investigat.ed. Although lower leakage current
was nleasured at a given EOT for devices having a Hf-rich HfSiON
(higher K), the channel mobility of these devices was degraded
resulting in poor device perfonnance. The interface quality of the
filnls was inlproved by perfornling an anneal prior to nitridation
yielding higher channel nlobility. However, these filnls exhibited a
significant. EOT increase for t.he same physical t.hickness (lower K)
limit.ing t.heir scalabilit.y. While EOTs decreased as a function of
increasing N concentration, it was found that the N profile had a
strong inlpact on the threshold voltage stability: larger hysteresis was
nleasured on transistors with a NH3 annealed dielectric. In sunlnlary,
we conclude that best device perfornlance was achipvpo with
transistors having a Si-rich plasnla nitrided HfSiON gate dielectric.

4:45 PM G14.5
Molybdenum-Gate MOSFET Threshold Volt.age Modification
Based on Two-Dimensional Nitrogen Distribution Control in
Gate Electrode. Takuji Hosoi, Masaki Hino, Kousuke Sano, Norihiro
Ooishi and Kentaro Shibahara; Research Center for N anodevices and
Systenls, Hiroshinla University, Higashi-Hiroshinla, Japan.

Met.al gat.e t.echnology is expect.ed t.o resolve t.he problem of poly-Si
gate depletion. Since single gate Inaterial with dual-workfunction is
required for the existing CMOS integration process, workfunction
tuning technique for several nletals has been extensively investigated.
Alt.hough nit.rogen ion implantation into Mo demonstrat.ed the
sufficient workfunction shift [1]' it also causes danlage to gate oxide
and int.erface [2]. Nit.rogen solid-phase diffusion (N-SPD) from TiN
deposited on Mo is a pronlising candidate for an alternative nlethod
because of less dmnage and large flat band voltage (V F D) shift of
about -0.5 V [3,4]. However, the shift was not reflected to threshold
volt.age (V,,,) for MOSFETs fabricat.ed wit.h t.his t.echnique. We have
found out an origin of this discrepancy and have investigated how to
modify V,,, of MOSFETs. Nit.rogen pileup at. Mo/Si0 2 int.erface,
which is considered to be an origin of the workfunction shift [4]' has
been confirmed by secondary ion mass spectroscopy (SIMS) and
elect.ron energy loss spect.roscopy (EELS). Mo gat.e MOSFETs
fabricat.ed using N-SPD, in which TiN/Mo/Si02 (30 nm/50 nm/5
nm) st.ack was formed prior t.o N-SPD (800 aC, 1 min), showed only a
slight Vth shift due to nitrogen redistribution during subsequent SiD
(source and drain) activation annealing (900 DC, 1 111in) [4]. In that
fabrication process, TiN was renloved just after N-SPD, and Mo gate
was exposed to an atnlosphere during the annealing. The fabrication
process has been nlodified to control the nitrogen redistribution as
follows. (a) Mo gat.e was covered by CVD Si02 film t.o prevent.
nitrogen out diffusion (oxide-cover). (b) TiN/Mo stack was covered by
CVD Si02 and N-SPD was accompanied by SID act.ivat.ion anneal
(TiN-cap). In the case of oxide-cover process, Vth shift is still very
small «0.1 V). This is because t.hat. nit.rogen was divided bet.ween
four Mo/Si02 interfaces, bottonl, sides, and top, and nitrogen
concentration at each interface reduced. On the other hand, Vth shift
of about -0.5 V was obtained in the TiN-cap process. However, when
the gate length is scaled down to less than 2 /knl, V t h shift decreases
toward about -0.3 V. This can be also explained by reducing the
nitrogen pileup at bottonl interface of Mo gate with increasing the
aspect. rat.io of Mo (gat.e t.hickness / gate lengt.h). The MOSFET
characteristics exhibit no danlage to gate leakage current and slight
reduction in electron mobilit.y. Furthermore, t.he gate oxide reliabilit.y
is comparable to poly-Si/Si02/Si MOSFET. These result.s indicat.e
that. t.he N-SPD t.o Mo gat.e is a pot.ent.ial t.echnique for CMOS
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fabrication. This work was partly supported by STARC. [1] P. Ranade
et aI., Mat. Res. Soc. Proc. 611 (2001) C.3.2.1. [2] T. Amada et aI.,
Mat. Res. Soc. Proc. 716 (2002) 299. [3] R.J.P. Lander et aI., Mat.
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State Devices and Materials (2004) 494.
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