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Atomic layer deposition of thin hafnium oxide films using a carbon
free precursor
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Thin HfO, films have been deposited on silicon via atomic layer deposition using anhydrous
hafnium nitrate [Hf(NO3),]. Properties of these films have been investigated using x-ray
diffraction, x-ray reflectivity, spectroscopic ellipsometry, atomic force microscopy, Xx-ray
photoelectron spectroscopy, and capacitance versus voltage measurements. Smooth and uniform
initiation of film growth has been detected on H-terminated silicon surfaces. As-deposited films
were amorphous, oxygen rich, and contained residua} @ NG moieties from the nitrate
precursor. Residual nitrates were desorbed by anned80 °C, however, the films remained
oxygen rich. Crystallization of thin films<(10 nm) occurred at roughly 700 °C. For films less than
~10nm thick, the effective dielectric constant of the film and any interfacial l&yeglecting
guantum effectswas found to be in the range &~10—11. From a plot of electrical thickness
versus optical thickness, the dielectric constant of the H&9er was estimated to bqﬁo;lz

—14. Leakage current was lower than that of SiIms of comparable equivalent thickness. The
lower than expected dielectric constant of the film stack is due in part to the presence of an
interfacial layer(likely HfSiO,). Excess oxygen in the films may also play a role in the reduced
dielectric constant of the HfQlayer. © 2003 American Institute of Physics.

[DOI: 10.1063/1.1528306

I. INTRODUCTION / BACKGROUND desired film is built up one monolayer at a time and the total
deposited thickness is linearly dependent on the total number
Thermally grown SiQ has long been the gate dielectric of deposition cycles. The self-limiting nature of the process
of choice for metal—oxide—semiconductviOS) devices.  gjiows for inherent atomic scale interfacial control and ex-
However, due to an increase in the leakage current fromg|ient conformality.
direct tunnelingas well as boron penetration, reliability con- The ALD of HfO, has recently been demonstrated by

cems, and other problemsSiO, may not be scaled much ;0 nately exposing substrate surfaces to vapors of HfCI
below 1.5 nm. For low power applications where high leak- recursor and kD 9.10.25.26 £y ~allent uniformity and initia-
age currents cannot be tolerated, it is projected that a h'gﬁon of the deposition were reported on Siand SiN, sur-

dielectric constant replacement for Si@ill be needed by faces. However because an effective thicknedso nm will

. 3 . .
the 80 nm node in 2005 Despite the compelling near term ae needed, it is desirable to avoid the use of lolayer and

need, a suitable replacement still has not been determined, ) . ) . .
and it is likely to be more than 5 years before a higti- eposit the highe directly on H-terminated Si. It was found

electric is ready for integration into advanced complemeniNat the use of HfGl precursor required an “incubation”
tary MOS technologie®. period consisting of a number of ALD cycles to produce total

A class of materials being considered as alternate dielecovVerage of a hydrogen-terminated Si surfat®This diffi-
trics are metal oxides (HfQZrO,, PO, La,0s, culty of initiating deposition on H-terminated silicon can
AlL,0s, etc.). Y22 Among these, Hf@is an excellent can- lead to a high degree of surface roughness. Moreover, metal
didate due to a high bulk dielectric constdrl, good ther-  tetrachlorides have a tendency to incorporate trace amounts
mal stabi”tyf1 and wide band gap and offsé_?tg-jfoz thin of chlorine in the film, which can lead to stability and reli-
films deposited via sputtering, chemical vapor depositiorability problems. Use of a precursor that allows for better
(CVD), and atomic layer depositiofALD) have shown control of the initiation of deposition on H-terminated Si
potential:6-16:20-23 might aid in optimization of the interface properties and al-

One of the most promising deposition techniques islow improvement of the carrier mobility in transistors.
ALD."**72%|n ALD, precursors are introduced alternately A precursor that has generated much interest recently is
into the depOSition chamber. Reactions are SE|f-|lm|t|ng anqhe anhydrous nitrate of hafnium Hf(NQ_l_:LsUn”ke met-
take place on the SubStl’ate surface rather thaﬂ abOVe |t T%rganic precursorsy this precursor would not leave hydro_
carbon or halogen impurities and the nitrogen oxide byprod-
¥Electronic mail: jconley@sharplabs.com ucts should be easily removable. It has been used in CVD
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mode at temperatures from 300 to 500 °C to generatdas been reported that as-deposited metal-rich sputtered thin

hafnium oxide films:213 HfO, films have a strong component which can be reduced
We report results of our investigation on the use ofto zero by an oxygen anne&.
Hf(NO3), as a precursor for ALD of Hf@on H-terminated Electrical measurements were made on “dot” capacitors

Si substrates. We find that the use of Hf(J@allows depo-  (approximately 10Qum radius,~3X 10~ %cn?) formed by
sition of HfO, directly on H-terminated silicon without the evaporating either Pt or Al through a shadow mask. High
need for an Si@ layer?® HfO, films were characterized us- frequency(100 kHz and 1 MHZ capacitance versus voltage
ing spectroscopic ellipsomet($E), x-ray diffraction(XRD)  (C—V) measurements were made with a HP 4284 and
and reflectivity, (XRR) x-ray photoelectron spectroscopy | —V with an HP4156A. The capacitive equivalent thickness
(XP9), atomic force microscopyAFM), and electrical mea- (CET) of the HfO, films was estimated fronC,,,(CET
surements. =k5i02/CmaX) at 1 MHz. Since quantum effects are not ac-

counted for, the CET can be considered more conservative
than the effective oxide thickne$EOT) in which a correc-
tion is made(typically several angstromso account for

Thin HfO, films were deposited using a Microchemistry quantum effects.
F-120 traveling wave ALD reactor for 50 mm substrates, XRD and XRR measurements were performed using a
where the hafnium precursor was anhydrous hafnium nitrat€nhilips X'Pert system. XPS measurements were performed
[Hf(NO,),]. Hafnium nitrate was synthesized by refluxing @t a commercial laboratofy using a Physical Electronics
hafnium tetrachloride over dinitrogen pentoxide at 30 °C andQuantum 2000 with a monochromated ArK1486.6 eV
then purified by sublimation at 110 °C and 0.1 mm Hg toX-ray source. Surface roughness was measured with an AFM
yield white crystal$’ Dinitrogen pentoxide was generated in the tapping mode.
by reacting solid FOs and fuming nitric acic® Vapors were
trapped at liquid N temperature into a reaction flask con- |||. RESULTS AND DISCUSSION
taining HfCl,. For deposition, the precursor temperature wasA Film d i q hol
set between 80 and 85 {®ased on measured thermal gravi- " im deposition and morphology
metric analysis properties of the precupsor We found that ALD using Hf(N@), precursor allowed
Prime grade 150 mm- and p-type (100 Si wafers of initiation and smooth two-dimensional H§Gilm growth di-
resistivity 4—30 or 4—1Q) cm, respectively, were cleaned rectly on H-terminated Si surface starting with the first cycle.
with standard SC-1 and SC-2 solutions and then cleaved intdhis is evident in Fig. 1 where AFM images are shown of
square piece¢s cm on a side To produce a H-terminated HfO, films deposited afte(a) one and(b) two ALD cycles.
surface, the substrates were dipped into dilute HF solutiod\ control image(not shown was recorded of the bare Si
immediately prior to film deposition. Since metal nitrate pre-surface prior to deposition. rms roughness for the Hfions
cursors such as Hf(Ng, easily decompose thermally, de- was approximately 0.3 nm while rms roughness for the bare
termination of the substrate temperature for ALD growth re-Si substrate was-0.2 nm. For both depositions, a thin film
quired optimization. A set of dummy runs was performed tocovering the entire surface was detected by SE and XRR.
grow thick films over a wide range of temperatures usingThe ease of initiation is an advantage over other precursors
only hafnium nitrate. The occurrence of CVD from thermal such as chlorides because of the potential for a minimal in-
decomposition was detected by monitoring the film growth.terfacial layer.
The highest temperature at which thermal decomposition of  Since the Hf(NQ), precursor contains oxygen, thermal
Hf(NO3), was not observed was approximately 180 °C. Atdecomposition can produce Hf@ithout an oxidizing agent
substrate temperatures below 180 °C, the introduction of alvia a CVD reaction. However, for an ALD process, at least
ternate pulses of hafnium nitrate and water vapor resulted itwo reactants are required. Besides water, several alternate
the deposition of uniform films, an indication of the ALD oxidizing reactants were also evaluated includingd€OH,
regime. A typical ALD pulse sequence cycle was as follows:CH;OH, C;H,OH, and H. SE and electrical measurements
the first pulse is of metal nitrat@®.6 9, then a N purge of indicated that, within the process parameter range 4D H
0.6 s, followed by a 0.6 s pulse of,® vapor, and finally a these alternates did not produce a film.
0.6 s N, purge. This reaction sequence was repeated until the Figure 2 shows a plot of optical thickness versus the
desired thickness was reached. number of deposition cycles for HfOfilms deposited at
Film thickness and refractive index were determined us4180 °C. A deposition rate of0.12—0.14 nm/cycle was ob-
ing a Sentech SE-800 spectroscopic ellipsometer. A Cauchserved over the range of deposition cycles. The deposition
film model was used to fit the refractive index of as-rate was sensitive to the condition of the deposition chamber,
deposited thick films. For example, for an as-deposited 115.Re., the amount of film deposited on the chamber walls, as
nm-thick HfO, film (deposited via 400 cycles of ADDthe  well as substrate temperature and precursor temperature. A
following coefficients were obtainechy=1.801,n;=2.09 much higher deposition rate of 0.36 nm/cycle that was ini-
x10*, and n,=—1.03x10°, where n(A\)=ny+n;x"2 tially reported in Ref. 20 has been traced to cleaning of the
+n,A "4 and\ is the wavelength in nanometers. Aheof ~ furnace chamber. Films deposited following cleaning were
632.8 nm, the real component of the refractive index, n, wagound to exhibit higher deposition rates than those deposited
found to be 1.84% 0.005. The imaginary componeit,was  subsequently. Although at this time there is not conclusive
zero, interpreted to indicate that the film was transparent. levidence as to the mechanism of the enhanced deposition

Il. EXPERIMENTAL DETAILS
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FIG. 3. XRD phase spectra of a 400 cycle Hffdm, as-deposited and after
a 300 s anneal in Nat 850 °C.

ing that the as-deposited film is likely amorphous. An amor-
phous phase is desirable since one might expect less leakage
current due to lack of grain boundaries. A 850 °C anneal in
N, for 300 s resulted in conversion to a polycrystalline
phase. The sharp peaks of the postanneal XRD phase scan
(Fig. ) indicate a monoclinic phase with 30— 40 nm crys-
tallites. (The vertical lines in Fig. 3 represent the powder
diffraction pattern for monoclinic HfQ.) °

XRR spectra for the same film are shown in Fig. 4. The-
oretical modeling of the as deposited film indicated a thick-
ness of 127.51.0nm, a density of 6:70.1g/cnt, a sur-
face roughness of 0.8 nmrms, and a Si substrate roughness
of ~0.3nmrms. The high number of oscillations reflect the
excellent uniformity of the film over the-10 mmx 20 mm

() beam size. Analysis of the postanneal reflectivity spectrum
) i . ) indicated a 98.5-nm-thick film with a density of 8.5
FIG. 1. AFM f HfQ films d ted d two(b) ALD .
cycles. images of HIQ fims deposited via one) and two(b) +0.1g/cnd, a roughness of 1.2 nm rms, and a Si substrate

roughness of 0.45 nm rms, suggesting that, in addition to
crystallization, the anneal also densified the film. SE mea-
the cleaned surface triggering a CVD growth component durthickness from 115.2 to 100.3 nm and an increase from
deposition conditions has since resulted in lower and bettefS these films were deposited at 180 °C, the densification
controlled deposition rates, more consistent with those typiWas not surprising. High temperature anneals are routinely
cally reported for ALD. used to densify oxides deposited at lower temperatures. It is
X-ray diffraction and reflectivity measurements were interesting to note that even after the ann@si0 °C, 30 5
made on a thick127 nm, via XRD HfO, film. As shown in the density of the thin film was less than the value reported

Fig. 3, an XRD phase scan revealed no sharp peaks, indicd@r bulk HfO, (9.68 g/cnd). *! _
XRD spectra of thin 4.1 nm) HfQ, films annealed for

~1—5min at roughly 50 °C increments starting at 400 °C
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FIG. 4. X-ray reflectivity spectra of a 400 cycle Hf@m, as-deposited and
FIG. 2. Plot of HfQ thickness vs number of ALD cycles. after a 300 s anneal inNat 850 °C(inset shows uniformity of oscillations
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FIG. 6. XPS spectra of nitrogen related pedigs before and(b) after a
FIG. 5. XRD phase spectra of a thin-@.1 nm) HfQ, film annealed at 30 s anneal at 450 °C in forming gas.
various temperatures. The 850 °C spectrum was taken using a 5.1 nm-thick
film. Onset of crystallization occurs at 700 °C.

20 (degrees)

The forming gas anneal resulted in a reduction in nitro-
gen content to 0.2% and a small reduction in oxygen to

are shown in Fig. 5. The films showed onset of crystalliza—hafnlum ratio to 2.76. A high resolution XPS scan of the

fon at 700 °C with peak strengtheiing at 750 (The spec- " 09°n bonding, shown i Fig. 6, indicated fhat he residual
trum labeled 850 °C was taken using~&5.1nm film) A togeb tho 450608 ecue'[sg. %(1)] 9. at' ?z f I
single broad peak was detected at=2~30°, centered ap- nated by the ann&ag. » stggesting that a low

. . temperature postdeposition anneal should be effective. This
proximately between the two largest monoclinic phase peak ss of oxvaen and nitrogen mav account for the anneal in
We were unable to positively identify the phase responsibl Y9 9 y

for this peak. XRR and SE modeling indicated that densifi.duced densification and decrease in thickness that was ob-

cation occurred at the lowest temperature ugkaD °Q and served via x-ray reflectivity and spectroscopic ellipsometry.

that relatively little change occurred with subsequent an-The amount of silicate was unchanged by the anneal.

neals. The~700 °C crystallization temperature is consistent ]
with that reported by Leet al. for dc magnetron sputtered B- Eléctrical measurements

HfO,, and suggests that ALD of HiQusing Hf(NGy), is A 1 MHz capacitance versus voltage trace of-&.7-
compatible with the anticipated thermal budget of replacenm-thickp-type HfO, capacitor with a Pt electrode is shown
ment gate technology. Other groups have reported differeng Fig. 7. This sample was annealed after metallization for 60
crystallization temperatures for different deposition methodss in 5% H, (N, balance at 400 °C. The CET of this film,
and thicknesses of HfO For example, CVD films deposited including the interfacial layer, was estimated to be
at 450 °C were reported to be monocltiand~3 nm fims ~ ~2.1nm (alVy=—2.0V), corresponding to an effective di-
deposited via jet vapor deposition showed onset of crystallielectric constant ofc,g~10.5 (k¢4 includes the interfacial
zation between 400 and 500 *€lt is well known that the  |ayen. CET was determined fron€,, at 1 MHz. It was
properties of Si@ depend strongly on the deposition methodfound that a postmetallization forming gas annéamA)
and it is likely that the properties of HfCare also deposition  dramatically improvedC—V characteristics, reducing inter-
method dependent. face trap density and hysteresis, and increaslpg,. Al-
XPS was performed on 6.1 nm ALD HfO, sample  though C,y increased,x remained roughly unchanged,
before and after a 30 s, 450 °C forming gas anneal. Théikely due to the decrease in thickness of the film due to
analysis determined that the main constituents of the asjensification(as indicated by SE and XRR
deposited film were oxygern62.3 at. % and hafnium A set of 1 MHzC—V traces of an as-deposited5.8 nm

(16.1%, indicating an oxygen rich film. CVD Hf@films  HfO, film over the course of a series of sequential 15 s
deposited at 450 °C using Hf(N{, were also reported to be

O rich, with O to Hf ratio increasing at lower deposition

temperatures! Other elements detected were carbon 18

(13.8%9 which was surface contamination, silic@?6) pre- "E::z ]

sumably from the substrate, fluorif@.7% from the HF last E12

clean, zirconium(0.9%) which is inherently contained in the %1.0 :

hafnium source, and nitrogéfh.2%, in the form of NG and § 0.8 1

NO,, from the nitrate precursor. The residual nitrogen 506 | \ \

ligands were eliminated by light sputtering of the surface, an 53'2 ]

indication that a film of ligands may remain on the surface 0.0 , ‘

after the final deposition cycle. A thin silicon-rich HfQayer 2.0 1.0 0.0 10 20
(likely silicate) was also detected. We were not able to de- Voltage (V)

termine the exact composition of this layer. The silicate IayerFIG_ 7. 1 MHz capacitance vs voltage trace of-&.7-nm-thick Pt gate

was nOt_removed _by light sputt_ering of the surface suggestrto, capacitor orp-type Si after a 60 s postmetallization anneal in 5% H
ing that it may reside near the interface. in N, at 400 °C.
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FIG. 8. Capacitance vs voltage traces for the anneal sequence consisting of
(1) 400 °Cin N, (2) 400 °C in N;/H,, (3) 500 °C in Ny, (4) 500 °C in
N, /H,, and(5) 600 °C in N,.

duration PMAs is shown in Fig. &The film did not receive
a postdeposition anneplThe anneal sequence was designed

'12 T T T T
to qualitatively assess the effects of various postdeposition 10 0 1 2 3 5
anneal treatments and consisted @ 400 °C in N,, (2) Voltage (V)
400 °C in N;/H,, (3) 500 °Cin N,, (4) 500 °C in N,/H,, (b)

ar?d (5) 600 °C in Nz Th_e film remained amc_)rphous after FIG. 10. Current vs voltage fora) HfO, (CET=2.2nm), and (b)
this sequence. A dielectric constant of approximately 10—11gjo, (optical thickness: 2.0 nm).

and a CET between 2.0 and 2.3 nm was extracted for this

film. Figure 9 shows hysteresis for-a/—2V sweep as a

function of gnneallng condltlon§. The initial 400, C anneal Nto eliminate hysteresis and reduce interface trap density. For
N, reduced interface trap density and hysteresis, resulted in& temperatures, the use of 3 NH, ambient produced lower

~10% increase irCmax_, and c_aus_ed a positive shift in the hysteresis, interface trap density, and flatband voltage shift
flatband voltageC,, . did not significantly change after this than a N-only ambient. This result suggests that, as in,SiO

initial anneal. The subsequent 400 °G /M, anneal further H plays a role in passivating electrically active defects in

reduced interface trap density, eliminated hysteresis, and prq_hco2 Recent electron spin resonan(@&SR results demon-

duced a neggt!ve .Shift in flat.bands. A subsequgnt =00 o%trate that H anneals passivate Si dangling bonds at the
anneal in N visibly increased interface trap density and re- HfO,/Si interface®

§u|ted in a positive ;hift in the flqtband voltage. The follow- A simple voltage ramp test was conducted to obtain a
Ny 5.00 °C anneal in NHz_agam' re_duced interface trap rough estimate of breakdow{BD) strength. The test was
Qensny and caused. a qegatlve Sh'ﬁ in flatband volta'\ge. Thﬁerformed on an HP4156A with the integration time set to
final 600 °C annggl in Ql!nc'reased interface trap densﬂy and medium (20 m9, a ramp rate was not specified. Capacitors
produc_eql a positive shift in flatband _voltage_ F“’”! I_:lgs. 8were biased in accumulation. Figure 10 shows a plot of cur-
and 9, it is seen that a 400 °C anneal in/N, was sufficient rent versus voltage fofa) HfO, (CET ~2.2nm), and(b)
SiO, (SE thickness-2.0nm). AtV,=1V, lower leakage is

0.16 observed in the Hf@film than in the SiQ film of similar

014 1 CET. Harder breakdowns were observed in the physically

0.12 - thicker HfO, films. Some of the scatter in the leakage and
Z0.10 breakdown data may be due to the nonuniformities inherent
2 in the shadow mask capacitor formation process as well as
8 0.08 1 the relatively large area of the dots. A comparison of BD
©0.06 1 characteristics of these samples is shown in Fig. 11. The
T 0.04 - breakdown strength of the HfOwas approximately 5-7

0.02 - MV/cm while that of the SiQ was >15MV/cm. Fields

0.00 . . ; . , were determined using the optical thickné€Sg). A forming

No 1:400C 2: 400C 3: 500C 4: 500C 5: 600C gas anneal(“diamond” symbolg slightly degraded the
Anneal Nz Np/Hy Ny Np/Hy Ny breakdown strength of the HfO The test probe makes con-
FIG. 9. Plot ofCV hysteresis for anneal sequence consistin¢lp#00 °C tact directly over the oxide being t_eSted' Since it is well
in N,, (2) 400 °C in N, /H,, (3) 500 °C in N,, (4) 500 °C in Ny/H,, and  Known that probe pressure has an impact on breakdown of
(5) 600 °C in N,. SiO,, it is likely that probe pressure effects may have con-
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lower than the bulk value(The reducedx cannot be ac-
counted for by the reduction of effective dielectric constant
that is theoretically predicted in ultrathin, ultrahigh-
films3) First, the CET estimate is conservative, neglecting
substrate quantum effects which, if taken into account, would
reduce the estimated thickness by 0.2—-0.3 nm and corre-
spondingly increase. Second, as indicated in Fig. 12, a thin
interfacial layer is present which effectively reduces the
overall k value. Finally, as also indicated in Fig. 12, thef
HfO, layer itself is lower than that of bulk material. The

25 refractive index and density are also both lower than the
reported bulk. The detection by XPS of excess oxygen raises
the possibility that excess oxygen plays a role in reducing the
“bulk” « of the HfGQ, layer. This suggests that in order to
obtain a thinner CET, it may be necessary to reduce the
oxygen content and increase film density as well as reducing
tributed to reducing the breakdown voltages reported heréhe thickness of the interfacial layer.
for HfO,. Probe pressure was not monitored. It is likely that ~ Despite the apparently low value effor the HfO, layer
more carefully controlled testing on structures with a remoteand the presence of an interfacial layer, our results are con-
contact would produce higher breakdown voltages for HfO sistent with recently reported results for thin Hf@ate oxide

In an effort to obtain a more accurate assessment, of stacks. Hobbgt al® recently reported a CET of 2.5 nm for
CV measurements were made on a series of Hffihs of  a 4.2 nm HfQ stack deposited via metalorganic CVD, cor-
various thicknesses. Figure 12 shows a plot of CET versusesponding to a conservatikg,.— 6.6. A transmission elec-
optical thickness for the Hf©Ofilms in Fig. 1. As expected, tron microscopy revealed that their gate stack consisted of a
the electrical thickness of the films decreases as the physical0 nm layer of HfQ and a 1.2 nm interfacial layer. Kirat
thickness decreases. We assume tiathe HfO, film is a  al.,'® recently reported an EOT of 1.7 nm for a 4.6 nm KHfO
stack consisting of a Hflayer on top of a interfacial layer stack deposited via ALDprecursor not indicatedcorre-
(IL) and(2) the structure and thicknesd () of this interfa-  sponding to anonconservativex~10.6 for their stack.
cial layer are independent of the Hf@Im thickness. From
the slope of the plot, we extraso,~12—14. Assuming
k,=3.9, we extractd, ~0.5—1.0nm from the intercept.
These results suggest that even though HfgN@llows ini- Films produced using anhydrous hafnium nitrate
tiation of ALD directly on H-terminated Si, formation of an [Hf(NO,),] as a precursor for ALD of Hf@have been in-
interfacial layer still occurs. The exact thickness and chemivestigated using x-ray diffraction, x-ray reflectivity, spectro-
cal composition of the interfacial layer are not definitively Scopic e||ipsometry, atomic force microscopy’ X-ray photo_
known. Likely candidates include SiHfOand SiQ. As  electron spectroscopy, and capacitance versus voltage
mentioned earlier, XPS analysis points to the presence of ameasurements. It was found that the use of HfgNGillows
interfacial silicate layer. Recent electron spin resonance renitiation directly on a H-terminated Si surface. A uniform
sults on these films appear to rule out the presence of purgnd smooth film covering the entire surface of a

Breakdown Field (MV/cm)

FIG. 11. \oltage ramp breakdown comparison of Hf(pre- and post-
anneal and SiQ.

IV. SUMMARY AND CONCLUSION

SiO, at the interfacé?

H-terminated Si wafer was detected after only a single cycle

The dielectric constant range of 10-11 extracted for thejeposition. XRD, XRR, SE, and AFM analysis indicated that
thin HfO, films in Figs. 7 and 8 is lower than that reported as-deposited films were uniform and amorphous. XPS analy-

for bulk HfO,(x = 25— 30).

! There are several reasons why sjs indicated that the as-deposited films were oxygen rich and

the thin film dielectric constant might be expected to becontained silicatdlikely at the interface and residual N@

and NG from precursor ligands. A 400 °C anneal resulted in
densification and elimination of the residual N content, but

300 did not change the silicate layer. Onset of crystallization oc-
250 - PP curred at approximately 700 °C.
/// Electrical measurements indicated that Hffdms had
2007 e lower leakage than SiOof similar EOT, but also lower BD
§150< /// strength. A 400 °C rapid thermal annealing i /M, re-
3 R duced interface trapping and hysteresis. For ffins (in-
100 - o cluding interfacial layensless than~15nm thick, a dielec-
50 - /./ tric constant in the range of 10-11 was estimated. This
«® estimate neglects quantum effects which if accounted for
0 - - T " would result in an increased effective dielectric constant. The
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lower than expected dielectric constant is due partially to the
presence of an interfacial layer such as silicate or,SiRe-

FIG. 12. Plot of CET vs thickness measured via spectroscopic ellipsometrycent ESR results indicate that the interfacial layer is not pure
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