
Si dangling-bond-type defects at the interface of „100…Si with ultrathin
layers of SiO x , Al2O3 , and ZrO 2

A. Stesmansa) and V. V. Afanas’ev
Department of Physics, University of Leuven, 3001 Leuven, Belgium

~Received 14 August 2001; accepted for publication 28 November 2001!

Electron spin resonance on (100)Si/SiOx /ZrO2 and (100)Si/Al2O3 /ZrO2 stacks with nm-thin
dielectric layers reveals the Si dangling-bond-type centersPb0 , Pb1 as prominent defects at the
~100!Si/dielectric interface. ThisPb0 , Pb1 fingerprint indicates that, while gratifying for the
Si/SiOx /ZrO2 case, the as-deposited (100)Si/Al2O3 interface is basically Si/SiO2-like. The
interfaces are in an enhanced~unrelaxed!stress state, characteristic of low-temperature Si/SiO2

growth. Based on thePb0 , Pb1 criterion, standard thermal Si/SiO2 interface properties may be
approached by appropriate annealing~> 650 °C! in vacuum in the case of Si/SiOx /ZrO2 . Yet, O2

ambient is required for Si/Al2O3 , indicating that the initial abruptness of the interface prevents
thermal adaptation to occur until an additional SiOx interlayer grows. A minimal SiOx interlayer
thickness~*0.5 nm!appears requisite. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1448169#

The relentless scaling of metal–oxide–silicon~MOS!
based devices projects shrinking of the SiO2 thickness
(dSiO2

) to the sub-2-nm range in the near future.1 Yet, ob-

stacles such as excessive leakage~tunneling! current, re-
duced drive current, and reliability issues, pose severe
limitations2 to such extreme reduction ofdSiO2

. One remedy

is to use insulators of dielectric permittivitye higher than
SiO2 ~eSiO2

5kSiO2
e053.9e0 , wheree0 is the vacuum per-

mittivity!, which should enable usage of thicker layers of
equivalent SiO2 capacitance thicknessdEOT[dhigh k

eSiO2
/ehigh k . Though addressed before3 in connection with

integrated circuit technology, this has recently propelled
research4–6 in appropriate alternative high-k materials for re-
placing SiO2 gates in future deep sub-mm MOS generations.

Intensively studied alternative dielectrics include ZrO2

~k;20!, HfO2 ~k;20!, and Al2O3 ~k;8.5!. Multiple
high-sensitivity analytical techniques are combined to ex-
plore microstructural, compositional, and bonding chemistry
aspects7–9 of ultrathin high-k layers on Si. Electrical perfor-
mance ~transport, charge trapping!has been probed by
capacitance–voltage ~CV! and current–voltage ~IV!
measurements.10 Yet, as to the atomic nature of crucial point
defects, which, as is well known, were demonstrated or
hinted to be the origin of almost all electric imperfections in
the case of c-Si/SiO2 , information on atomic scale has pre-
dominantly come from electron spin resonance~ESR!analy-
sis ~see, e.g., Ref. 11!, often in conjunction with Si/SiO2

electrical probing. Particularly regarding the Si/SiO2 inter-
face, this has revealed the atomic nature11–13 of a dominant
class of interface traps, i.e.,Pb-type ~Si dangling-bond!de-
fects: Pb (Si3wSi•) in (111)Si/SiO2 , and Pb0 and Pb1 ~a
^211& oriented Si3wSi•! in (100)Si/SiO2 . Pb andPb0 , evi-
denced as chemically identical, were both conclusively es-
tablished as adverse electrical interface traps.14,15 This pro-
vided a landmark in structural modeling. So, in a
complementary approach, ESR investigation is extended

here to stacks of ultrathin SiOx and Al2O3 films sandwiched
between~100!Si and thin ZrO2 layers, with the aim of pro-
viding atomic identification and quantification of occurring
defects and to analyze the influence of postdeposition ther-
mal treatment. The known characteristics of the amply stud-
ied Si/SiO2 structure are used as a backdrop.

The samples studied were Si/SiOx /ZrO2 and
Si/Al2O3 /ZrO2 stacks, prepared on low-doped one-side-
polished ~100!Si wafers~p type; na;1015 cm22; 0.8 mm
thick!, last cleaned in aqueous HF~5% by weight!. Uniform
stoichiometric ultrathin layers of Al2O3 ~;0.5–3 nm!and
ZrO2 ~5–20 nm!, as well as ultrathin SiOx layers, were de-
posited at 300 °C in an atomic-layer chemical-vapor deposi-
tion ~ALCVD! reactor16 using Al(CH3)3 and H2O, and
ZrCl4 and H2O as precursors, respectively, at a pressure of
;1 Torr. The SiOx layers ~;5 Å! were grown in H2O at
300 °C for 20 min. Details can be found elsewhere.11 From
these wafers, 239-mm2-area ESR samples were cut with
their 9 mm edge along a@01̄1# direction. To analyze the
thermal stability of deposited layers and interfaces, after ini-
tial ESR tests, some samples were subjected to additional
annealings at;650 and 800 °C in vacuum (,431026 Torr!
or dry O2 ~99.9995%;;1.1 atm!. A fresh sample was used
for each additional thermal step.

cw K-band ESR measurements were performed at 4.3 K
under conditions of adiabatic slow passage.17 Prior to some
ESR observations, samples were submitted to VUV irradia-
tion ~8.48 eV;;5 min! at room temperature~RT! in air to
photodissociate H from~possibly!passivated defects~ESR-
defect activation!.12 Concomitantly, it might reveal some
nonideal~strained, weak!bonding.

As anticipated~cf. H-rich ambient used in ALCVD!,
only weak ESR signals could be observed in the as-deposited
state @cf. Fig. 1~a!#. However, as illustrated in Fig. 1 for
Si/Al2O3(0.5)/ZrO2(5 nm), distinct signals do appear upon
VUV irradiation. For the applied magnetic fieldBi@100# in-
terface normaln ~i.e., magnet anglewB50°!, two clear sig-
nals are observed: a prominent one atg52.005960.0001,a!Electronic mail: andre.stesmans@fys.kuleuven.ac.be

APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 11 18 MARCH 2002

19570003-6951/2002/80(11)/1957/3/$19.00 © 2002 American Institute of Physics

GF Exhibit 1103 - 1/3



with peak-to-peak widthDBpp59.760.4 G, and a weaker
one characterized byg52.0037560.0001 andDBpp53.75
60.2 G, with spin (S51/2) densities determined as 5.9
60.3 and (1.560.2)31012 cm22 ~intensity ratioR;3.9!,
respectively.

The signals also exhibit distinct anisotropy, as evidenced
by spectrum~c! in Fig. 1. They were decisively identified as
originating from Pb0 , Pb1—the well-known centers at the
thermal Si/SiO2 interface—byg mapping. The inferred prin-
cipal g matrix values forPb0 (gi52.00185,g'52.0081)
and Pb1 (g152.00577,g252.00735,g352.0022) match
those of previous work18 on conventional (100)Si/SiO2 .
This strict crystallographic correlation with the Si substrate
implies that the defects pertain to the nominal (100)Si/Al2O3

interface. This conclusion is confirmed by the study of
simple (100)Si/Al2O3(3 nm) ALCVD structures.

Similar observations were made on the
(100)Si/SiOx(0.5)/ZrO2(5 nm) structure, yet with two no-
ticeable differences: First, as compared to the
Si/Al2O3(0.5)/ZrO2(5 nm) case, the signals are narrower,
i.e., for Bin, DBpp56.860.4 and 3.560.2 G, for Pb0 and
Pb1 , respectively. Second, relative to thePb0 signal
(density54.331012 cm22), the Pb1 signal is weaker (R
>9). The observed linewidths may be compared with those
observed in thermal Si/SiO2 grown atT.900 °C, given as
DBpp56.060.2 and 3.360.2 G, for Pb0 and Pb1 ,
respectively.18 It thus appears that as compared to standard
Si/SiO2 , the linewidths observed in the structures here are
broadened, the more so for the Si/Al2O3(0.5)/ZrO2(5 nm)
stack. There are two noteworthy results:~1! Pb0 , Pb1 are
demonstrated as prominent defects at the Si/dielectric inter-
face in both types of ALCVD-grown stacks studied.~2! As
the Pb0 , Pb1 fingerprint is generally unique for the thermal
(100)Si/SiO2 interface, the results reveal that, while gratify-
ing for the latter stack, the initial nominal (100)Si/Al2O3

interface is basically also (100)Si/SiO2 type.
Besides excessive broadening, thePb0 , Pb1 linewidths

also exhibit field-angle dependence~see Fig. 1!, a well-

known characteristic first clearly quantified19 for Pb in
(111)Si/SiO2 , and later also forPb0 , Pb1 .18 It originates
from mismatch~stress!induced local variations in the defect
morphology over the variousPb sites, resulting in a~suppos-
edly Gaussian!spreadsg in g, predominantly ing' . Ana-
lyzing along the lines outlined elsewhere,18 gives the values
sg' (Pb0)50.001160.0001 and 0.0017560.00015 for
(100)Si/SiOx(0.5)/ZrO2(5 nm) and Si/Al2O3 /ZrO2 , respec-
tively. As compared to the valuesg'50.0009560.00005 for
thermal (100)Si/SiO2 , we thus find enhanced stress, in par-
ticular for the Si/Al2O3 interface.

Here, it is interesting to note that, in agreement with
previous reports~see, e.g., Ref. 20!, the observedPb0 , Pb1

signature, i.e., the largePb0 system, strongly reducedPb1

signal—the largePb0/feeble Pb1 attribute—and broadened
lines as compared to standard thermal Si/SiO2 , is the one
characteristic of thermal Si/SiO2 interfaces grown at reduced
temperature.

More interesting information emerges after postdeposi-
tion annealing~PDA!, as diagramed in Fig. 2 in terms of
Pb0 , Pb1 densities—chosen as representative mark. As to
Si/SiOx(0.5)/ZrO2(5 nm) @Fig. 2~a!#, a first noteworthy ob-
servation is that upon annealing in vacuum at 650 °C, the
Pb0 , Pb1 densities attain values typical for standard~re-
laxed! Si/SiO2 : @Pb0# decreases drastically to;1
31012 cm22, while @Pb1# grows to;131012 cm22. This is
observed to be attendant with narrowing of the linewidth to
standard values—6.060.2 and 3.360.2 for Pb0 and Pb1 ,
respectively, forBin—bearing out reduced strain broaden-
ing. Pertinently, in line with the findings for the as-deposited
state, these characteristics also comply with those of thermal
Si/SiO2 structures grown at lowT. Here, it was also ob-
served that upon simple PDA in vacuum~;750 °C!, more
standard-like narrowedPb and Pb1 signals@with increased
@Pb1# of ;(1.523)31012 cm22# are retrieved.20

Subsequently, the Si/SiOx /ZrO2 structures were sub-
jected to PDA in oxygen at 650 and 800 °C. However, this
did not result in any noticeable further change in the ESR

FIG. 1. ESR spectra observed at 4.3 K for two directions ofB in the (01̄1)
plane on (100)Si/Al2O3(0.5)/ZrO2(5 nm): ~a! as grown;~b! and ~c! after
RT VUV irradiation ~8.48 eV;;5 min! revealingPb0 , Pb1 defects at the
Si/Al2O3 interface. The signal atg51.99869 stems from a comounted Si:P
marker. Applied modulation field amplitude was 0.4 G, and incident micro-
wave powerPm;2 nW.

FIG. 2. Evolution ofPb0 , Pb1 defect densities at the Si/SiOx interface in
(100)Si/SiOx(0.5)/ZrO2(5 nm) ~a! and (100)Si/Al2O3(0.5)/ZrO2(5 nm)
~panel b!stacks under various postdeposition treatments.
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spectrum,@Pb0 #, @Pb1# remaining unchanged within error,
@cf. Fig. 2~a!#. This may not be surprising, as once a~close
to! standard Si/SiO2 interface realized, this is retained when
regrowing at high~er!T.

Interestingly, PDA affects (100)Si/Al2O3(0.5)/ZrO2

~5 nm! differently. As shown in Fig. 2~b!, there is now only
a modest impact of PDA in vacuum at 650 °C~30 min!:
@Pb0# decreases~only! about 30%, while@Pb1# remains un-
changed at a density of (1.4560.3)31012 cm22. This con-
trasts with the (100)Si/SiOx /ZrO2 case, where thePb0 , Pb1

densities evolve to those of standard thermal Si/SiO2 . In
broad terms, this finding for (100)Si/Al2O3 /ZrO2 is cor-
roborated by results from previous microstructural and com-
positional analysis8 using nuclear reaction analysis and x-ray
photoelectron spectroscopy, reporting all species to remain
immobile under PDA in vacuum~;30 s!for T up to 800 °C.
Yet, importantly, while broadly in agreement, the present
ESR data reveal a limited change does occur in vacuum.
Likely then, it only concerns a spatially very limited~per-
haps on the scale of one atomic layer! modification ~e.g.,
structural rearrangement/relaxation, some additional interfa-
cial SiOx growth!, which has inherently escaped detection in
previous probing. However, as shown in Fig. 2~b!, a drastic
difference is observed when changing to O2 ambient: stan-
dard Si/SiO2 @Pb0#, @Pb1# values are attained after PDA at
650 °C in O2 ~30 min!, with no further change forT increas-
ing to 800 °C.

It is thus found that the Si/dielectric interface in
Si/SiOx /ZrO2 may be upgraded~close! to that of standard
thermal Si/SiO2 by moderate annealing atT*650 °C in
vacuum, i.e., no additional O2 supply needed—an interesting
result when put in broader context. Indeed, previous work
reported the ZrO2 layer, under annealing atT up to;900 °C
~in vacuum or O2! to be very stable against silicate formation
and intermixing,6,9 hinting that, likely, no O is extracted from
the ZrO2 network to grow an additional SiO2 interlayer. The
present ESR results would thus indicate that with an initial
SiOx interlayer;0.5 nm thick, annealing atT*650 °C suf-
fices to transform the Si/SiOx interface in
Si/SiOx(0.5)/ZrO2(nm) to standard like without~or mar-
ginal! additional SiOx interlayer growth.

For the Si/Al2O3 /ZrO2 stack, by contrast, an additional
supply of O2 is required to upgrade the interface, i.e., likely,
there is need for additional growth of the SiOx interlayer.
This may indicate that, in the as-grown state, the Si/Al2O3

interface—although clearly Si/SiO2 type—is very abrupt, in-
deed, in agreement with previous work,7 and that essentially
no thermal reshaping can occur without attendant growth of
additional SiOx layer~s!. It suggests that to enable thermally
induced upgrading of the interface, a minimal SiOx thickness
dSiOx

min is required: The Si/SiOx /ZrO2 data suggestdSiOx

min

*0.5 nm. This may be compared with the value~;0.6 nm!
inferred for the Si/Si3N4 case on the basis of electrical~CV,
IV! data.4 Interestingly,dSiOx

;0.7 nm was also concluded to
be the minimum layer thickness to obtain bulk~e.g., regard-
ing band gap!SiO2 properties.21 Pertinently, it may also be
added that model calculations based on constraint theory
bear out the necessity for interposing an ultrathin SiO2

layer between the Si substrate and high-k oxides
~Al2O3 , Ta2O5, TiO2! to attain device grade interfaces.4

Finally, one may notice that the very specific ESR sig-
nature of thePb-type interface defects is invoked here as
criterion for technological interface quality. As amply evi-
denced before,11,15,17technological interface quality is inex-
tricably connected with a standardPb0 , Pb1 fingerprint, both
regarding inherent defect densities and salient ESR
features—whatever the manufacturing facility. This criterion
finds support from other disciplines. From the theory, the
existence of an inherent interface defect density~dangling
bonds! in standard thermal Si/SiO2 , is corroborated by
the extension of constraint theory to Si/dielectric interfaces.22

On the experimental side, it falls in line with previous
notions that with oxide layers deposited at reducedT on
Si, low-interface trap density can only be obtained by depo-
sition on thin oxides pregrown by standard high-T
processing23—effectively stating that only thermally grown
Si/SiO2 meets microelectronics requirements—or by provid-
ing a sufficient~higher-T!thermal budget.

In summary, the observedPb0 /Pb1 signature, reassuring
for the (100)Si/SiOx /ZrO2 case, reveals the initial Si/Al2O3

interface also to be basically Si/SiO2 type. This apparently
natural fact may contribute to successful application of
high-k metal oxides in future Si-based devices. Yet, the per-
tinent interfaces are found to be under enhanced stress, in-
herent to low-Tfabrication. Upgrading~close!to that of stan-
dard thermal (100)Si/SiO2 may be realized through
providing appropriate thermal budget. A minimum SiOx in-
terlayer thickness~*0.5 nm! appears necessary. It heralds
the potential to carry over the unexcelled properties of
(100)Si/SiO2 towards the Si/metal–oxide entities. But, ob-
viously, the presence of an SiO, interlayer will impair ulti-
matedEOT optimization.
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