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It has been demonstrated that Si—giterfaces in field effect transistors are not atomically abrupt,
but instead contain(i) an interfacial transition regiom-0.5 nm thick with an average SiO
composition as well adi) a strained or defective region in the Si substrate that is of similar extent.
The strain profile across these interfacial transition regions, compressive in theu®i@ensile in

the Si substrate, results from a combination of growth induced strain, as well as differences between
the linear expansion coefficients of Si@nd the substrate Si. Two high-temperature transitions
modify the strain profile, and the transition region bonding at the Si 8it@rface. The first is a
visco-elastic relaxation in the SjOoccurring at~1000°C, and the second is associated with
bonding changes within the interfacial transition region occurring-@00 °C. This article uses
spectroscopic studies to identify the chemical bonding changes within the interfacial transitions
region that occur after 900 °C annealing in an inert ambient. The physical and chemical forces that
drive these changes are addressed from two perspectiveseactions kinetics andii) bond
constraint theory. Finally the effects of strain relief on device performance and reliability are
discussed. ©€2004 American Vacuum SocietyDOI: 10.1116/1.1771676

[. INTRODUCTION vice operation, and in which alternative highdielectrics
provide a pathway to increasing the gate dielectric capaci-
Several experimental studies have demonstrated that thence, while maintaining tunneling leakage currents at levels
interface between Si and Si@n field effect transistofFET)  consistent with performance and reliability targets for more
devices which have been subjected to conventional high temaggressively scaled devicé& These scaled devices require
perature processing are not atomically abrupt, but insteathat the equivalent oxide thickne&@8OT) be reduced below
contain an interfacial transition region with Si sub-oxide, 1.0 nm/® EOT is defined as the SiQhickness correspond-
Si0,, x<2, bonding!™® This article briefly reviews these ing to the entire gate stack, including the higlaiternative
studies, and develops a strain profile for Si—Sg¢ate stacks dielectric, as well as an interfacial SiQayer. Since the
that includes a significant strain gradient across the interfalower dielectric constant of this interfacial layer places a sig-
cial transition region. The article focuses on experimentahificant limitation of the smallest attainable values of EOT, it
studies that have explored changes in bulk stain and interfas important to understand the role the interfacial transition
cial bonding as a function of postoxidation annealing in inertregions play in meeting scaling targets for advanced devices
ambients'~® These studies have distinguished between twaddressed in the International Technology Roadmap for
different transitions(i) one at~1000 °C in which growth is Semiconductor§.
induced in the SiQ layer and(ii) a second at-900 °C in
which there are changes in the bonding within the interfacial
transition region between the Si substrate and the Sidis IIl. BACKGROUND
article identifies the microscopic physical and chemical Several studies have established that the,Si@erface
forces that drive the Si-SiQinterfacial transition region was neither abrupt on atomic scaling of bonding, nor strain
bonding rearrangements during the 900 °C anneal. freel =2 In addition, have identified two different temperature
Interfacial properties play a significant role in determining dependent strain relaxations that will be explained by the
device performance as well as device reliability. The insightsxtension of bond constraint thed®CT), as originally pro-
gained from the approach of this paper are important in agposed to explain glass formation in network solids such as
gressively scaled FET devices in which the physical thick-As,S; and SiQ,%!° to semiconductor dielectric interfaces,
ness of the SiQgate dielectric has been reduced in the na-and internal dielectric interfaces as w#lil.
nometer regime<3 nm and extending to between at least Three factors contribute to the formation of the Si subox-
1.4 and 1.5 nm, This approach is also important for futurdde interfacial transition regions at Si—Sinterfaces. Dif-
generations of FET devices that extend scaling into a regiméerences in the Si—Si interatomic distances in the crystalline
in which tunneling leakage through Si@ too high for de-  Si substrate, 0.235 nm, and the Si@electric,~0.305 nm,
generate intrinsic growth compressive stress in the oxide and
3Electronic mail: lucovsky@unity.ncsu.edu tensile stress in the substrate. These differences in inter-

2087 J. Vac. Sci. Technol. B 22 (4), Jul/Aug 2004  1071-1023/2004/22(4)/2087/10/$19.00 ©2004 American Vacuum Society 2087



2088 G. Lucovsky and J. C. Phillips: Interfacial strain-induced self-organization 2088

composition of SiO to the modeled interface structure. It is
gate electrode our opinion that inclusion of a defective Siayer in the
interfacial transition region analysis would have reduced the thickness of the SiO layer,
and brought the SE results in closer agreement with the ion
scattering studieb.
Si0, Interfacial suboxide layers have also been studied by syn-
chrotron, or soft x-ray photoelectron spectroscépyPS.3°
Using monochromatic soft x-ray radiation150—200 eV
from a synchrotron gives enhanced surface sensitivity. By
adjusting the final kinetic energy of the photoemitted elec-

interfacial transition region trons to an energy of50—100 eV corresponding to ar0.6
nm escape depth, Himpsel and his collabordtatentified
crystalline Si substrate four Sipp core level spectral features that were chemically

shifted with respect to the substrate peak Si. These studies
had sufficient resolution to spectroscopically resolve the
Fie. 1. Schematic representation of interface bonding, including a strainedP1/2 @nd 203/, spin—orbit split components, making it rela-
Si substrate layer §i, an interfacial transition region with an average SiO tively easy to identify the energy separations between these
composition, an Si@ dielectric, a second interfacial region, and a gate four core level components. In order of increasing core level
metal. binding energy, these features were assigned to three subox-
ide bonding features associated with Si bonded to ohé, Si
two SP', and three Si*, O atoms, and a bulk Silfeature,
atomic distances have also been cast in terms of a mol&i*", in which each Si atom had four O atom nearest neigh-
volume mismatch between Si and the SiBat is created by bors. In the same notation the Si substrate peak has been
a thermal oxidation or plasma deposition procésbiffer-  denoted as &i Although there has been some controversy
ences in linear thermal expansion coefficients in the,SiOrelative to these assignments, based primarily on different
dielectric (~0.5x10 ®C™ ') and the Si substrate~2.5 models for core-level chemical shifts, the initial assignments
%1076 C~1) contribute an additive thermally induced strain of Himpsel and co-worke?shave stood the test of time, and
component that is equivalent to a bond strain approachinfave been applied in the temperature dependent studies dis-
several tenths of a percent for oxides grown or processed atissed in this articl€.
800-1000°C and then cooled down to room temperature.
F.ina'llly, and 'providing Fhe connection with BCT, there are B. Relaxation of growth strain in Si—-O , gate stacks
significant differences in the average number of bonds per
atom N,, in the Si substratg4) and the SiQ bulk film Single wavelength ellipsometry studies using a 632.8 nm

(2.67), which contribute to bond strain on the atomic scale. He—Ne laser were performed on thermally grown Sih
Si(111) faces, and subjected to furnace annealing in flowing

Ar.'?2 The SiQ films were grown by conventional thermal
oxidation in dry Q at 850 °C to a nominal thickness of 125
Studies by medium ion energy scattering onnm and were then furnace annealed in Ar for 30 min at
Si(111)-SiQ interfaces identified interfacial transition re- temperatures up to 1100 °C. The data indicateddecreases
gions with suboxide bonding, and defective Si interfacial rein the optical index of refractiom at 632.8 nm, with a
gions, defined as Si(see Fig. 1 The scattering was studied threshold of about 950 °C and a maximum rate of change at
as a function of the SiQlayer thickness, and compared with approximately 1050 °C andi) a complementary increase in
models that included a strained or defective layer within theilm thickness also with a threshold at about 950 °C and a
Si substrate $i. The best fit to the observed scattering wasmaximum rate of change at approximately 1050 °C. These
obtained with a two—three atom thick reconstructed substratehanges have been attributed in Ref. 12 to relaxation of in-
Si approximately 0.5 nm thick, and a Si suboxide interfacialtrinsic growth stress. As the stress is relieved in the growth
transition layer with an average composition of SiO, and ardirection, the film thickness increases, and the density of the
approximate thickness of 0.3®.1 nm. SiO, decreases leading to reductions in the index of refrac-
Spectroscopic ellipsometrySE) studies confirmed the tion that track linearly with the increased physical thickness.
SiQ, interfacial transition regions, but did not include a de- After the high temperature anneals and cool down, there is a
fective Si substrate layer in the model for analysis of theresidual component of compressive stress in the, Siéhd
complex dielectric constantsSpectroscopic dielectric func- tensile stress in the Si substrate that results from the differ-
tions obtained from analysis of the experimental data wer@nces between the respective Si and,Sifear coefficients
compared with a model that included previously tabulatedf thermal expansion.
dielectric constants for bulk Si and bulk Si@s well as a The combination of optical second harmonic generation
void fraction at the top of the SiOfilm to emulate surface (SHG),* and the single wavelength ellipsometry measure-
roughness. The best fit to the data was obtained by includinments discussed above has identified a second transition at a
a 0.75£0.2 nm interfacial transition region with an average temperature of approximately 900 °C. This transition has

A. Local bonding arrangements at the Si-SiO
interface
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been attributed to bonding changes at the Si-SiContri- 80 T e T
butions to an optical second harmonic response from a sur- 70 3 3
face, bulk, or interface, as for example the generation of 4 ! ]
coherent light at a photon energy ab2vhen the medium is § 60 F ]
exposed to intense illumination at a photon energw dfom 4 ! ]
a high power laset!® Applied to Si—SiQ interfaces, no S s0f ]
SHG signal is expected from eithe(i) the noncrystalline %, i ]
SiO, layer, due to lack of long range order required for de-  § ar ]
velopment of a coherent electric field component@ao? (i) S 30 : ]
the crystalline Si substrate because of the local symmetry at & ; ]
the Si atom bonding sites. In contrast, SHG, is possible Si = 2 - .
surfaces and Si—SiQinterfaces, with matrix elements, in- F ]
cluding resonance energies, being different for different in- 10 o e b
850 900 950 1000 1050 1100

terface bonding arrangemerits.

An interfacial relaxation had been identified through an
analysis of the SHG from response from a vicinal g, 2. Phase angle difference between terrace and step edge contributions
Si(111)-SiQ interface, where the vicinal offcut is either in to the optical SHG signal from vicinal @il1) wafers off cut 5° in the 112
the 112 or 112 direction. This was done by studying the bar direction. The poi_nt at 1100 °C does not f_a_II on the tr_end Iin_e and occurs

. . . 3-15 . at temperature at which interface decomposition associated with the evolu-
azimuthal anisotropy of the SHG sigrfaf®~*°The azimuthal o of gaseous SiO is known to occur. The solid line is an interpolation that
anisotropy is defined with respect to the andle between establishes the trend in the data points.
the electrical field and the vicinal off-cut direction for the@
polarization in which theE fields atw and 2v are each per-
pendicular to the plane of incidence. It is given by changes at an areal density of10"-10*cm™?, corre-

E(20) = A, coS W) + Az co8 3W )expli 0), 1 sponding to the scale of interfacial bonding defects.
whereA; and A; are the amplitudes of the Fourier compo- A. SXPS studies
nents with¥ and 3P symmetry, respectively. These compo-  Figure 3 summarizes the results of experiments performed
nents are associated with Si—O bonds on terraces, and step Si111) interfaces presented in Ref. 6. The spectral fea-
edges of offcut surface, and is the relative phase angle tures identified as;, |,, andl;, correspond, respectively, to
between these components. The phase afiggdlectsdiffer- ~ bonding arrangements in which Si has one, two and three
encesin a resonance energy associated with the O atom teexygen neighbors, designated above a$"SiSF*, and
minated Si bonds on the terraces and at the step éédes. Si*. The figure also shows the Si substrate featufea8
The off-cut angles in Refs. 4, 14, and 15 ranged from 1° to
5°. Sinced is proportional to sirg in this angular regime, the
ratio A, /A3 is proportional to the vicinal off-cut angfé:*®

The plot in Fig. 2 givesf as a function of annealing
temperature for a sample prepared by thermal oxidation at
~850 °C, and then annealed to 1050 °C. The largest change
in #is between 850 and 900 °C. This has been interpreted as
being due to different bonding relaxations, or rearrangements
on the terrace and step edges of the vicinal waféfs®
There are smaller changes #h between 900 and 1050 °C,
and these are assigned to the visco-elastic relaxation of bulk
stress discussed above. Interfaces prepared by remote
plasma-assisted oxidation at 300 °C gives the same values of
0, to =2° as the 850 °C thermal oxidation, and additionally
the same value of, to £2° after a 900 °C anneal.

temperature (degrees C)

as grown

XPS Signal (10° Counts)

Ill. CHEMICAL BONDING CHANGES ASSOCIATED 6 5 4 3 2 1 0
WITH INTERFACIAL SELF-ORGANIZATION Relative Binding Energy (V)

; 5
SXPS gnd cat'hodolum'lnescence SpGCtI’OSF:C(@)LS)  FiG. 3. Spin—orbit stripped and background subtracted (9i(8ata for
have provided direct evidence for interfacial bondingsSi(11). (a) shows “as-grown” samplé~1.2 nm and (b) is for a piece of
changes that occur after a 900 °C anneal. The SXPS studi#e same wafer, annealed situto 900 °C in Ar. The energy scale is refer-

. . nced to the substrate Si featuvath four Si neighborsat 0.0 eV, and the
probe bondlng changes at an areal denSIty Ofhree features markeld, 1,, andl;, are features assigned to Si with one,

4 5 =2 .
10"-10"cm E correspo_ndlng to the number of surface o, and three oxygen neighbors. The broad feature centered at approxi-
bonds per Si atom, while the CLS studies probe thesenately 4 eV is the SiQfeatures(with four O neighbors (Ref. 6.
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! ! ! T are for an electron beam energy of 2 keV, and reveal inter-
: ' ] face and near interface features. Spectra are shown for the
as-deposited sample, in which the interface remote plasma-
assisted oxidation(~0.6 nm and SiQ remote plasma-

enhanced chemical vapor deposition were performed at

150 A 8i0, on8i |

-‘E 300 °C. Additional spectra are shown after a 400 °C hydro-
; genation anneal in forming gas, 10%/B0% N,, after a
= 900 °C rapid thermal anneéiRTA) for approximately 1 min
%‘ S in Ar, and after a 900 °C RTA followed by a 400 °C anneal in
g T forming gas. The forming gas anneals terminates Si and O
f RTA 900°C ™™ atom dangling bondDB) defects with a single unpaired
© ; 3 *""“"/ | electron by creationfaa H atom terminated groups, such as
ERTI\()OO"C +400°CH * 1 Si—H, SIO—H, etc.
ok et AR M\._ As shown in Fig. 4, the combination of a RTA at 900 and

400°C anneal under a hydrogen ambient significantly re-
o et duces interfacial trap cathodoluminescence features. The de-
05 1 15 2 25 3 35 4 fect luminescence bapds are indic.ated. by arrows. .DB, cen-
tered at about 1.9 eV, is an interfacial Si atom dangling bond
D,, with a spectral peak at-1.8 eV is a near interfacial
Fie. 4. Process-dependent localized states as revealed by features in tHEf€Ct, anq:)b with a spectral peak at-3.4 eV is a sub- .
cathodoluminescence spectra in a ttBnnm) Si—Si0, structure. The com-  Strate luminescence band. The spectral peak and symmetric
bination of a RTA and 400 °C anneal under a hydrogen ambient reducefine shape of theD, feature are essentially the same as a
interfacial trap emissions almost completely. The energy of the eIeCtrorbhotOIuminescencéPL) feature reported in Ref. 19 for a Si
beam(2 keV) has been adjusted to give high sensitivity to luminescence . . N )
features emanating from the Si—Sitterface regionRef. 5. The defect suboxide withx~1.1. The most S'gmﬂcant Change after the
luminescence bands are indicated by arrows. DB is an interfacial danglin@00 °C RTA and 400 °C K anneal is the reduction dD,
bond,D, is a near interfacial defect in the as-grown transition region prior below the detection limit. The DB defect shows approxi-
to the 900 °C RTA, and®, is a substrate luminescence band. mately the same reductions as the substrate Si atom dangling
bond after a 400 °C Hanneal. Comparisons with electrons
. . spin resonance studies of(8L1) interface DB$’ establish
the SiQ feature Si*. The samples for this study were pre- . .

9 b y P E’]at the DB luminescence as detected by CLS is due to de-

[ leGe détector)i

~S20detector— D2 —

photon energy (eV)

pared by remote plasma processing at 300 °C, and then sup- . -
jected to annealing at temperatures of 600, 800, 900, an(?Ct bonding changes at the'fem* level.
1000 °C.

The most significant change in the spectra after the 900 °@/. BOND STRAIN, THE DRIVING FORCE FOR
anneal is a marked reduction in thé Sicomponent. This is INTERFACIAL BONDING CHANGES
the feature that iforeignto a Si111) interface. Analysis of

- o A study of the stability of homogeneous bulk Si suboxide
these spectral changes indicates that after the 900 °C annefﬁ‘rlns depB(/)sited at 300 ‘YC with cgmpositions close o SiO
there is 1 monolayer of excess suboxide with an average ' ’

composition of SiO in excess of a monolayer of ‘Shond- €.9., SIQ, x~1," demonstrated a chemical phase separation

ing of an abrupt S(111)—SiOnterface. As discussed in Ref. gi th((ar?s_;lilm.;, ;:‘]tt:r gg;ﬁg'::l asr?raigli:mijn ?ﬁ:zﬁtﬂgﬁj e
16, this corresponds to a physical thickness-6£3—0.4 nm, O, < 9 P

in good agreement with the ion scattering measurements di.ﬁ?nse Irzc)”g 531??0'}33% Cr.eggltisolr?' represented symbolically
cussed above. Similar results have been obtained fof —O y 9 '

Si(100)-SiqQ interfaces, with comparable changes between SiQ,—c-Si+nc-SiG,, x~1. 2

Lhe 3§—grown and 900? ? ar;:ealed distributions oofl lnteri{ac;a+his reaction is qualitatively similar to the interfacial transi-
onding arrangements.n the: as-grown or as-deposited region chemical bonding changes that have been identi-

Si(111) interfaces, the bonding in this SiO transition layer IS fiog by SXPSE In particular the reaction in Eq2) goes to

approximately random with respect to the distribution of thecompletion in the same temperature range, 850-900°C, as
Sit™, SP*, and St* features with a ratio close to 1:2:1. . . . ; ’
the interfacial bonding changes of Ref. 6.

Q:itri;trri]li %C;Osiiag?]zagé +'t 'Srgﬁ;Zn%e;rigﬂgngfaggpiggf |st.s PL was detected in the as-dgpq;ited homogeneou; subox-
mately 1:1 ide samples. PL decreased significantly for increasing an-
h nealing temperatures between 650 and 750 °C, and was not
detected after the 900 °C anneal. Similar, composition depen-
dent PL features have been reported in other studies, and
These results in Fig. 4 are for an Si—Si@ate stack struc- have been attributed to recombination through intrinsic de-
ture prepared at 300 °C, with a thickness of 5 hithe CLS  fect states?
spectra were obtained as a function of the electron beam High resolution transmission electron microscopy imag-
energy, between about 0.5 and 4.5 keV. The spectra in Fig. #hg, coupled with Fourier transformation infrared spectros-

B. CLS studies
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copy (FTIR), confirmed that the as-deposited, homogeneoudhese applications of BCT are based on the simple idea that
SiO,, x~1 bulk films had chemically phase separated acthe bonding forces in a network amorphous solid can be
cording to Eq.(2). The kinetics of this bulk transition were arranged in a hierarchy from stronger-stretching to weaker-
studied by FTIR to determine thextent of reactionas a bending valence forces. The constraining effects of these
function annealing temperature. These studies showed tHerces have been shown to be a linear function of the average
phase separation reaction of E@) was more than 90% coordination numbeN,, in Eq. (3). For overconstrained net-
complete after a 900 °C annédl. works such as §N, for which N,,=3.43, and SiQ with x
The results discussed above have been interpreted i1, for whichN,~3, the Si atom, and N or O atom bond-
terms of a model that is based on a kinetically limited reac-stretching constraints are stronger than the respective Si
tion. This means that the separated material has a lower eatom, and N or O atom bond-bending constraints, so that
ergy than the homogeneous alloy, but that there is a reactiostrain energy accumulates along these bending constraints.
barrier that must be overcome to separate the homogenod$ie most significant accumulation of strain is at the atomic
suboxides into thec-Si and nc-SiQ reaction products of sites with the lower coordination numbirin Si;N, and O
Eq. (2). in SiO. This means that the average-8i-Si and Si—O-Si
The kinetic limitation is consistent with the equilibrium bond angle® are distorted from their average local values of
phase diagram along the tie line between Si and,Si@hd  120°, and~150°2% by an amount¥, which is proportional
therefore applies to thin films with a SiO composition thatto the difference betweeN,, in the nonideal strained net-
are prepared at low temperatdfeBelow a temperature of work and N%, in an ideal strain-free network, which has a
1000 °C, there is no compound phase in along the Si»SiOvalue of 2.4 so that
tie line to trap or hinder the phase separation reaction of Eq.
(2).2° Therefore if the separated products are more stable 90%[Nay~Nz]. (4)

than the homogeneous suboxide, the separation will be lim- .
ited by kinetics. The studies discussed in Secs. Il and jjPue to an unusually weak bond bending force at the O atoms

have demonstrated that changes in bonding in the 1 monos-ltes’ In SIQ one bond-bending constraint is broken, and the

layer thick interfacial transition region between i sub- effecpve value o, is 2.4, rather than 2.67. -

strate and the nc-Sibulk dielectric occur in approximately lt. 'S further assumed. that thg defect. density in overcon-

the same temperature regime, between about 850 and 900 ° rf';uned netwqu solids is assoc[ated with broken bonds that

This comparison suggests thr;lt the interfacial chemical reorr- fieve the bu[ldup of local strain. As suph the density of
T 2 . S such defects is expected to be proportional to the strain

ganization is also limited by reaction kinetics. energy.° which is proportional t§ 561. Thus, the density of

SC;QESEEST:S;E:iitefé\,?lr;’ (;Qi?jlgstedc:stﬁzt sa rrgr?gg:ﬁyg rc efectsD in a constrained network is expected to obey the
Y 9 » dispiay ollowing scaling relationship:

bonding arrangements, and is converted to Si-rich and O-ric
bonding arrangements after a 900 °C anneal. There is insuf- poc[N,,—NZ ]2, (5)
ficient SXPS or SHG data to determine if the temperature
dependence of the extent of completion of this interfaciallntrinsic defects formed in this way are further assumed to be
reaction follows the samérajectory as the bulk reaction. the nucleating centers for the chemical phase separation in
However, the application of bond constraint the@®CT) to  SiOy bulk films. The kinetics of the SiDdecomposition are
these two quantitatively different systems suggests that théhen correlated with the defect density in E@). This
underlying driving force for the bulk and interfacial chemical mechanism is supported by a decrease in the total strain en-
phase separations is indeed the same, and involves a red&rgy between the as-deposited homogeneous SiO phase, and
tion of bond-strain energy. the chemically separated inhomogeneous diphasic material
c-Si+nc-SiG;.

There are two contributions to strain in the chemically
V. BOND CONSTRAINT THEORY separated SiQc-Si system:(i) the relatively small strain

BCT provides a framework for understanding the buildupenergy in the Si@phase due mostly t@) the molar volume
of strain in network amorphous soli¢sIn network solids in ~ mismatch as the-Si/SiO, interface, andb) the difference in
which the constituent atoms are in two-, three-, or fourfoldthermal expansion coefficients betweerSi and nc-SiQ
nonplanar bonding arrangements, BCT yields linear relationand (i) an interfacial strain energy. There is no strain in the
ship between the average number of bonds/atpgand the  ¢-Si component, except for a small amount tensile strain at
total number of valence bond-stretching and bending conthe interface. This is contrasted with the relatively high lev-
straints per atonC,, that is given by° els of strain in the SiO homogenous films, in whi€l, is

C.—28N. -3 3 increased from~3 in_SiO2 to 4.2. This argument for are-

av. meav duced strain energy in the phase-separated alloy is supported

BCT provides a remarkably accurate description of netby the experiments reported in Ref. 18, which demonstrated
work stress in nonideal continuous random network amorthat the chemically phase separated systems showed no de-
phous solids in whichC,,> 3, including its consequences tectable luminescence, indicative of a low density of interfa-
with respect to defect formatior:?1'??In this article, BTC is  cial defects at the interfaces between ¢h8i and SiQ con-
extended to the chemical phase separation in, Silbys.  stituents of the diphasic material.

JVST B - Microelectronics and  Nanometer Structures
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The discussion presented above suggests that the changes
in bonding at the Si—SiQinterface after a 900 °C anneal in gate electrode
an inert ambient are also driven by a strain relief mechanism. interfacial transition region
In this model, interfacial defects in the as-grown interfacial
transition region are the nucleating centers for the chemical
separation of that region into Si-rich and O-rich domains. Si0,
This is consistent with a nanoscale separation that is corre- = |p====-seeemoeaa—-

lated with the density of Si dangling bonds in the substrate, )
~5x10%2cm 2.17 If these dangling bond defects are the compressive stress
nucleating centers, then the characteristic dimensidar . . — .
interfacial chemical reorganization is estimated by setting interfacial transition region
1 Sip - tensile stress j
r=~ d(Si_SDSi(loo)( \/?) ) (6) crystalline Si substrate
db

where fgy, is the fraction of dangling bonds, and
d(Si—Si)sj100) is the interatomic spacing between Si atoms

on the Si100 surface. This gives a characteristic scaling igjectric as ideal oelastically compliant Since there is a

parameter of approximately 5 nm. transition region with a bonding chemistry intermediate be-
tween Si and Si@that separates these two regions, compari-

VI. BCT MODEL FOR INTERFACIAL SELF- sons with thea-Se_,Ge chalcogenide alloy system can

ORGANIZATION p_rowde a_d_d|t|0na! insights into the properties of the interfa-
cial transition regions.

Lucovsky and Phillips and co-workers applied the con- |t has been demonstrated above that after a thermal anneal
cepts of constraint theory developed to explain glass formaat 900 °C, there is(i) a region of strained or defective Si in
tion in chalcogenide and oxide glassé$?to Si—dielectric  tensile stress in the Si substrate &iidl a transition region
interface$"“2in which there was a discontinuity N, and  with an average SiO composition that is approximately 1
therefore als&C,, at a dielectric interface. This approach hasmolecular layer thick~0.3 nm. Building on the understand-
provided important insights to the physical mechanisms uning of bond-strain driven self-organization in binary glass
derlying: (i) the formation of interfacial transition regions alloys such as G&e _,,?>?this identifies an approach for
and (ii) defect formation and defect relaxation at thesedescribing the changes in bonding within the Si—Sif@er-
interfaces’® The approach builds on the studies of Bool- face transition region that occur after annealing at 900 °C.
chand and co-workers on the nature of the glassThe interfacial transition region provides a continuous and
transition?>?® and the compositional dependence of thesmoothtransition between intrinsic and thermally induced
floppy to rigidity transition that occur in glass forming binary elastic tensile stress in the Si substrate and elastic compres-
alloy systems including-Se _,Geg, . sive stress in the SiQlayer. Since this transition region

The studies of Boolchand and co-workér& have estab- bridgesa rigid silicon substrate, and @mpliant or under-
lished that:(i) there are two transitions are associated withconstrainedSiO, dielectric, the interfacial transition region
the transition fromfloppy or underconstrained bonding in plays the same role as tstrain-free compositional regime
a-Se, torigid or overconstrained bonding in an alloy with in Ge,Se _, alloys. Viewed in this way, the bonding changes
33% Ge, or GeSg and (ii) that these transitions span a after the 900°C anneal are in effect a strain-driven self-
self-organizedtompositional regime that is strain-fré&The  organization that prevents the percolation of in-plane rigidity
first of these transitions occurs at the onset of avetagal  in the interfacial region, and thereby provides a strain-free
bonding rigidity at a composition of Gege This composi-  region that bridges the Si substrate to the Si@lectric(see
tion corresponds to an average number of bonds/atom of 2.4g. 5).
and an average number of bonding constraints/atom of 3, so
that alloy compositions with increasing Ge content are overV!l. ELECTRICAL PROPERTIES AND RELIABILITY
constrained on average. However, the onseglobal bond- CHANGES FROM INTERFACIAL SELF-
ing rigidity is delayed by self-organization into nonstatistical ORGANIZATION
bonding arrangements that minimize the total bond strain. Figure 7 presents in a schematic representation the strain
These reorganizations occur up to a composition at whiclprofile, defects, and defect precursors foran Si-Si€tero-
local bond strain percolates throughout the entire volume oétructure that includes a strain-free, self-organized interfacial
the alloy. At this composition point global bonding rigidity transition region. Based that special properties with respect
sets in and the alloy is macroscopically overconstrafiéfl. the absence of defect formation and/or changes in properties

Lucovsky, Phillips and co-workers in Refs. 21 and 22that chalcogenide alloy glasses and thin films display in the
pointed out that Si—Si@interfaces were heterostructures in compositional regime between the onset of local bonding
which the substrate Si could be consideredigsl or over-  rigidity, and global or percolated bonding rigidity, the anal-
constrainedwith the N,, equaling exactly four, and the SJO ogy in Fig. 6 assumesimilar special propertiesor the in-

Fic. 5. Strain profile in an SiQgate stack after a 900 °C anneal.
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free Fic. 7. Strain profile in an SiQgate stack after a 900 °C anneal, including
> the regions in which defect and defect precursors are present.

alloy content

Fic. 6. Schematic representation of stress in floppy, self-organized, and rigi&ﬂterfaola.I transition reglqn. The value of 2'5_3'0 nm IS Con'.
regions of an Si@-SiQ,— Si structure, and the corresponding regions of the Sistent with the assumption that the self-organization scale is
noncrystalline GgSe _, alloy system in the range from Se to Ge$e  the same as thaverage distancéetween Si substrate dan-
=0.333). gling bonds.
Consider next bonding defects. Prior to postmetallization
annealing in a hydrogen-containing ambient such as forming
terfacial transition region between the Si substrate ang SiOgas, metal-oxide—semiconductofMOS) devices with
dielectric regions. The assumption of a strain free, selfSi—SiO, interfaces display a defect density of dangling
organized interfacial transition region includes implicitly a bonds that is in the low #8cm™2 regimel’ These dangling
scale for in-plane self-organization. Based on the density dbonds have been studied by electron spin resonance that re-
dangling bonds in the tensile stressed Si substrate, this scaleals two interesting properties. First, the electgpfactor
is estimated to be-2.5 nm. displays the same symmetry of the Si substrate, and second,
Channel mobilities have been extracted from the analysigheir number can be reduced by more than a factor of 50 by
of the current—voltage characteristics of FET devices usin@ postmetallization anne@PMA) in a hydrogen-containing
well-established techniqués.The mobility is plotted as a ambient. Third, these defects when not H terminated contrib-
function of the electric field in the Si substrate normal to theute to discrete interfacial defect features in the Si forbidden
plane of the interface. The mobilities are extracted fromband gap that are revealed by capacitance—volt&yeV
current—voltage plots based on an assumption that the demeasurements. These results are consistent with these bond-
sity of charge carriers in the channel is determined by théng defects being in the Si substrate, and in particular in the
capacitance of the SiQdielectric film C,, or equivalently tensile stressed interfacial region designed in Fig. 7 gs Si
from the value of EOT® This leads to theemarkableresult ~ The density of dangling bond defects prior to the PMAs, but
that electron and hole channel mobilities display universabfter thermal annealing at 900 °C, is approximately constant
dependencies that are determined by the same three physieaid in the low 1&cm 2 regime. It is independent of the
properties of the interfacial regioi) the substrate doping way a device quality interface is formed, by thermal oxida-
that establishes the density of bulk charge defects within théon at a temperature in excess of 800 °C, or by an optimized
channel regionf{ii) a fixed chargeQ;,; within the SIQ di- remote plasma-assisted oxidation. These results are consis-
electric that contributes to the scattering and determines thint with the precursor bonding arrangements for the interfa-
peak value of the mobility versus field; afid) an interface cial self-organization being inherent in the empirically opti-
roughness parametgy,; that defines the field dependence of mized thermal oxidation processes used throughout the
the mobility in the high-field regime. The universality of semiconductor industry, and within other research groups
electron and hole mobility curves derives from the empiricalpreparing devices with optimized performance as well, in the
observation that to within an experimentally defined uncer-optimized remote plasma assisted oxidation processes de-
tainty, the values 08;,;, and an empirical roughness factor scribed in Refs. 29 and 30.
that includes a characteristic scattering length are the Figure 8 displays the density of interface trdpg as a
same.Q; is approximately 2—%10°cm 2, while \;,; is  function of annealing temperature at a Si(111)—Si@er-
typically 2.5—-3.0 nm. The value of;,; is assumed in this face, prepared by thermal oxidation at 850 °C, furnace an-
article to represent the scale of self-organization within thenealed at temperatures up to 1100 °C for 30 min in Ar, and

JVST B - Microelectronics and Nanometer Structures
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- I I B IR I L I T effect of longer plasma interface formation processes on the
defect precursors that determine device reliability is pre-
-k N sented in Figs. @—9(c).
= ] Figures 9a) and 9b) presented plots of time dependent
5 - i dielectric breakdowrfTDDB) as a function of oxide bias for
£ 6 1 pMOS andnMOS FETs, respectivef} The traces marked
e ] 0.6 nm are for the optimized 300 °C plasma interface forma-
é 5[ 1 tion process, and the traces marked 0.8 nm are for a longer
;;3 plasma process that increades, and reduces channel cur-
s F ] rent drive as well. The effect of the longer process time, and
thicker interface layer prior to SiOdeposition and process-
s . . . . . ing including high temperature anneals and PMAs is to re-

800 850 900 950 1000 1050 1100 1150 d_uce_ _the TDDB f[ime sc_:alg_by a_factor of 10, i.e., to reduce
temperature (degrees C) significantly device reliability. Figure (8) demonstrates a
sixfold increase in stress induced leakage current after a
Fic. 8. Values of mid-gap densities of interface tragg, extracted from 1000 s stress in a device with a 0.8 nm interfacial relative to
C—V measurements on GLY) MOS structures as function of processing g gptimized device with a 0.6 nm interfacial oxide. These
temperature. The solid line is an interpolation that establishes the trend in . .
the data points. results suggest that interfaces formed by remote plasma oxi-
dation at 300 °C create more extensive suboxide bonding ar-
rangements, which are not optimally relaxed after the 900 °C
then subjected to a PMA for 30 min at 400 °C in forming gasanneal. This is of importance for device processing, and
after the initial growth and following each annealing step. needs additional studly.
Values of Dy have been determined from analysis@fV Finally, the defects and defect precursors associated with
traces using standard techniques. The plot in Fig. 8 demomonoptimum interface formation, and strain in the Si sub-
strates that the most significant decreasebjn defined by  strate and Si@layers, have been discussed in a general way
numerical differentiation of the trace, occur at a temperaturevith respect to Fig. 9. Based on the results discussed in this
of ~975°C, very close to the onset of the release of growthsection of the article, it is concluded that) Si atom dan-
induced stress as in Ref. 12. In marked contrast, there is onlyling bonds and interface trajis; are located in the strained
a small decrease iD;; after the 900 °C anneal, indicating Si substrate region designated ag &nd (ii) the precursor
that these defects are not reduced significantly by the atomistates for soft and hard dielectric breakdown are in the
rearrangements that occur during the interfacial transition restrained SiQ@ film. Due to the relatively large SIO-Si
gion self-organization. This is consistent with these defect$ond-angle distribution of-+19° as displayed in Fig. 1%,
being resident in the Si substrate in the immediate vicinity ofthere is a density of defect precursors in the portions of the
the interfacial transition region. This interpretation is alsoSiO, that have minimal macroscopic intrinsic or thermally
consistent with the universality of the energy dependence afjenerated strain. These strained bonds contribute to defects
Dj; with respect to the Si valence and conduction band edgeand defect precursors as well, and it is not possible to make
and with the relatively narrow range dd; reported for a persuasive argument for separating defects and/or defect
device-quality interfaces, independent of the processing ugsrecursors into two groups: one associated with macroscopic
ing to create the interface. This is exemplified by the valuestrain and a second associated with the®+Sibond angle
of Dy, for plasma processed and thermally grown interfacesdistribution. Si-O—Sibonds with bond angles between 130°
subjected to annealing at 900 and 1000 °C, and then to staand 150° are the least stable as based on their relative bind-
dard PMA procedures, forming gas anneals for at least 3thg energy, and therefore are most easily further strained and
min at temperatures between 400 and 450 °C. by the macroscopic compress stress in the,$a@ers. These
Experiments indicated that a direct correlation betweersites are candidates for the bond fission and breakdown.
Dj; and the duration of remote plasma-assisted oxidation profhey are also the bonding sites that are chemically attacked
cess used to form the Si—Silnterface prior to Si@ depo- by water’® and reduced in number in the formation of SiOF
sition by remote plasma enhanced chemical vapotow-k films3*
depositior?®*° The longer the process, the thicker the
plasma oxidized film. This process is self-limiting in the
sense that the thickness displays a power law dependence XHI' SUMMARY
time with a power law factor substantially smaller than one, Studies of Si(111)—SiQinterfaces by optical second har-
~0.2-0.25. In addition, the interface formation process demonic generation in Refs. 6—8 identified a strongly tempera-
termines the precursor arrangements for the interfacial laygure dependent interfacial relaxation with an onset of
that forms after the 900 °C anneal. The equivalence of a-900°C. Coupled with determinations @; from C-V
300°C plasma interface formation process that generatameasurements, the results presented in Ref. 6 differentiated
~0.5-0.6 nm of oxide, and a thermal oxidation process abetween two distinctively different relaxations at Si—$iO
~850-950 °C, with respect to interface self-organization hasnterfaces: one at approximately 850—900 °C associated with
been established earlier in this article. As an example, thanterface bonding changes, and a second- 4000 °C asso-
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ciated with relief of intrinsic compressive stress in the SiO
film. Complementary studies by SXPS have established that
the interface relaxation is associated with changes in concen-
tration and composition of suboxide bonding environments
in an ultrathin interfacial transition region that is approxi-
mately 1 molecular layer thick~0.3 nm). This relaxation
occurs at a significantly lower temperature than the
~1000 °C relaxation of macroscopic compressive strain in
the bulk of the SiQ film.1? This article has provided impor-
tant insights into these two distinct relaxation phenomena. It
has demonstrated an analogy betwdénthe Si—SiQ inter-

face in which there is a transition from a rigid substrate to an
ideal random covalent network arii) compositionally de-
pendent under- and overconstrained bonding in glass alloys
such as Ggg _,.2>% The interfacial suboxide transition
region has been demonstrated to have properties in common
with a regime of alloy compositions in which self-
organization reduces bond constraint induced strain, thereby
stabilizing these compositions agaireiing This has pro-
vided important insights into defect formation at the semi-
conductor dielectric including Si—SiOheterostructure in
this article, as well as gate dielectric heterostructures that
included deposited alternative dielectrics including Si oxyni-
tride alloys (SiN,) and alternative higlik dielectrics such

as ALO; and transition metal and lanthanide rare earth ox-
ides, and their respective silicate aluminate alloys. Metal sili-
cate alloys have been discussed in Part Il of this sequence of
articles.

Finally, it is significant to note that several theoretical
calculations have established that suboxide transition regions
betweenc-Si and nc-Si@ are a natural consequence of the
electronic structuré>®® In each of these calculations the ex-
tent of the suboxide region is at most a few molecular layers,
consistent with the measurements and interpretation of the
changes after self-organization reported in this article. There
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