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Ultrathin silicon oxynitride films with thickness in the range of 1.8-3.5 nm have been produced1@®)3iy nitridation of an
NO-oxidized surface with an electron-cyclotron resonance plasma source. The films were annea@a@ir950°C for times up

to 60 s and formed into Al-gated capacitors for capacitance-vol(@y9 and current-voltage analysis. The rapid annealing
increases the oxygen content of the films but results in capacitors with excellent electrical properties. For a plasma oxynitride with
equivalent oxide thicknesg,q = 1.8 nm, current reductions ef20 over that for Si@films have been obtained for gate voltages

in the range 1-1.5 V. For comparison, the thickness of the oxynitrides was obtained by X-ray photoelectron spectroscopy of the
Si 2p, N 1s, and O 1s photoelectrons. By analyzing the yield from thick silicon dioxide and silicon nitride films, the electron
escape depth in silicon nitride was estimated to be 1.7 nm for the Si 2p electrons. By correcting the measurements of the
oxygen/nitrogen concentration ratio obtained from the O 1s and N 1s XPS peaks, and calculating the dielectric constant with a
Bruggeman effective medium approximation, the equivalent oxide thickness was calculated. Agreer@@tricn was obtained

with teq determined by the CV analysis. Information obtained from the XPS analysis can also give information about bonding
configurations and possible errors due to nonuniform stoichiometry as a function of depth.
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Silicon nitride and oxynitrides are being evaluated as replace-dioxide films with thicknesses in the range of interest. For silicon
ments for silicon dioxide in the gates of aggressively scaled comple-itride films the calibration is more difficult, because it cannot gen-
mentary metal oxide semiconduct@MOS) devices. Although bo-  erally be assumed that the nitrogen concentration does not change
ron penetration and hot-electron stress effects can potentially bevith film thickness.
reduced by monolayer quantities of nitrogen, larger nitrogen con- In this paper the equivalent oxide thickness of plasma-nitrided
centrations result in a higher dielectric constant, allowing for reduc-films annealed in D at 950°C was determined by CV measure-
tion of the direct tunneling currents. Treatment of th€l80) sur- ments, and the quality of these films was determined by CV and
face with a nitrogen plasma results in the formation of a defectivecurrent-voltagdl-V) measurements. The thickness giONannealed
silicon nitride layer. In order to reduce defects in gate-quality oxy- oxynitride films produced by plasma nitridation and by low-pressure
nitrides, they are often annealed in nitrous oXidéter formation, chemical vapor depositiofPCVD) was determined by analysis of
and this results in an increase in the oxygen content of the filmsthe Si 2p(substrateand Si 2p(bonded)XPS lines and their com-
Previous work has focused on measuring the redistribution of nitro-position was determined by analysis of the N 1s and O 1s lines. The
gen at the interface between(B30)and silicon dioxide films during  electron escape depth of Si 2p electrons from silicon nitride was
N,O annealind’, or the effect of long(up to 30 min)oxidations of determined by comparing the yields in thick silicon nitride and sili-
silicon nitride films in NO.® The amount of nitrogen left in ultrathin ~ con dioxide standards. The XPS measurements, coupled with inter-
oxynitride films after rapid thermal oxidation in,® has not been  Polations from the silicon dioxide and silicon nitride standards, were
the subject of much comment by those who measure equivalenﬂsed to Self-COl’_lSIStently recalculate the tthk.neSS. The dleleCtI’I_C
oxide thicknesses using capacitance measurements. constant determined from a Bruggeman effective medium approxi-

A major reason for this is the difficulty of determining the nitro- mMation (EMA)® using the oxygen/nitrogen ratio was then used to
gen profile of ultrathin films since ion-beam techniques such ascalculate the equivalent oxide thickness for comparison with the CV
medium-energy ion scatterifgor narrow resonance nuclear reac- Mmeasurements. Finally, estimates are made of potential errors in the
tion analysié are not readily available for routine analysis, while XPS analysis introduced by assuming that the films have uniform
other methods such as secondary ion mass spectrdmesye ~ COMposition with depth.
reached their resolution limits. A simple and generally available
technique such as X-ray photoelectron spectros¢¥®s) can give

useful information such as the film thickness and the oxygen/ Experimental
nitrogen concentration ratio and can provide a measure of the non- - Formation of oxynitrides—Si(100)wafers(0.025Q-cm n-type)
uniformity with depth. were given an HF-last RCA clean prior to film deposition. Two

A recent review discusses much of the literature describing theyypes of silicon oxynitride were studied in this work. One set was
XPS analysis of ultrathin silicon dioxide filnfsit highlights the  formed by first oxidizing the wafers in nitric oxid&O) at a pres-
sensitivity of ellipsometry measurements to surface contaminationsyre of 4 mTorr for 6 min at 780°C. Without breaking vacuum, these
in contrast to the XPS technique which involves a ratio of two peakwafers were exposed to a nitrogen p|asma for 5 s at a substrate
areas equally attenuated by contaminants. XPS measurements @mperature of 300°C. The plasma was formed using 450 W of
SiO, films have also been carefully calibrated against other tech-absorbed microwave power and 15 sccm of molecular nitrogen in an
niques such as transmission electron microscopy and capacitancetectron-cyclotron resonan¢ECR) apparatugdescribed previously
voltage (CV) measurementsPrevious work was facilitated by the Ref. 9) positioned 50 cm from the silicon substrates.
relative simplicity of growing a number of stoichiometric silicon Another set of films, produced for comparison purposes, was

formed by a standard low-pressure chemical vapor deposition with
silane and dichlorosilane at 780°C. These were given a rapid anneal
* Electrochemical Society Active Member. in flowing nitrogen for 30 s at 1000°C to densify the films prior to
Z E-mail: dolf.landheer@nrc.ca oxidation.
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Oxidation of oxynitrides—The wafers were introduced into a C, 1oSof 1 — exp(—d/\o, COs 6)]
Heatpulse 61@Steag RTP Systemsapid thermal processgRTP) .~ 7S [T~ exp—d/n, cos 0)] [3]
where they were first heated in flowing nitrogen for 4 min at 500°C on on=o °
to drive off water vapor. The plasma-nitrided wafers were immedi- nd
ately given a 30 s anneal in,Mit 950°C to densify them prior to the
oxidation in NO, but this step was omitted for the LPCVD wafers C, 1,:Soll — exp(—d/N\g, COS 0)]
since they were annealed in, Nknmediately after the LPCVD depo- T ST1 — exp—d/h, c0s 0)] [4]
sition. All the films were oxidized in flowing hO at 950°C. To on on n
compensate for the optical absorption bya\'% the RTP pyrometer o o
was calibrated by performing measurements on a test wafer with athereBon = XonCon/AsiCsi. The sensitivity factor ratios in Eq. 1-3
embedded thermocouple. The accuracy of the temperature measurate related to the escape depthby S,/Son = Toho/Tohon and
ment is estimated to be25°C. Si/Son = Tihn/ Top\on, WhereT,, T,,, andT,, are the transmission
. _ . ! » of the electron analyzer at the energies of the O 1s, N 1s, and Si 2p
XPS analysis of oxynitrides-The analysis of film composition  gjectrons, respectively. The escape depths were calculated for the O

was done using a PHI XPS instrument which employed a nonmono- g ang N 1s electrons from those for the Si 2p electrons using the
chromatic Mg Ka X-ray source with a hemispherical electron en- following expressions

ergy analyzer at an angbe= 45° from the wafer normalstandard
X-ray source position 54.7° from analyzeBpectra were obtained Mo = Non(720/1150™ and Ay = Ao(855/1150™ [5]
with a bandpass energy of 23.5 eV, resulting in an energy resolution

of ~1 eV. . .
A technique for background removal, correcting the measuredWhere the O 1s, N 1s, and Si 2p electrons have energies of 720, 855,

spectra for inelastic scattering, has been formulated by Toutfaard and 1150 eV, respectively. A value of = 9'5 has been .USEd by
in terms of an inelastic scattering cross section which varies with the>¢ah and Dench andlsa value ofm = 0.7 gives a good fit to the
energy lost as a result of the inelastic scattering. Calculations usingl@ta of Tanumaet al™ In fact, choosing any value between
the inelastic scattering cross sections for Si@ovided in Ref. 11— 0.5 andm = 0.7 results in negligible changes in the calculated
have been used to evaluate the effect of inelastic scattering. Th¥alues ofd, and changes iR of <1.5%. With the use of Eq. 5, the
resultant primary excitation spectra were not significantly different Sensitivity factor ratios become independent of oxynitride film com-
than the spectra obtained from the measured peaks using a line®©Sition, as is often assumed.
background correction. This was expected since the inelastic scat- 10 calibrate the XPS thickness measurements, spectra were ob-
tering must be small for scattering events that result in energy lossetined from thick Si@ and silicon nitride films. The former was a
less than the oxynitride bandgap>5 eV). The analysis of thermal oxide grown at 1050°C inOwhile the latter was a high-
Tougaard® has shown that the commonly used Shirley backgroundquality silicon nitride film deposited using a plasma-CVD process
correction cannot be correct; however, its use would not result inwhich results in &NJ/[Si] ratio of 1.37, as determined by nuclear
significant changes in the measured intensity ratios, because thegaction analysi$NRA) and Rutherford backscatteritgBS) mea-
background is relatively flat under the main peaks. surements of the nitrogen and silicon contents, respectively. This
The O 1s and N 1s peak areas were obtained from the fits of onéample is slightly nitro%en-rich, consistent with thé% atom %
or two Gaussian-Lorenzian functions to the observed spectra. The iydrogen bonded as NHThe density of silicon dioxide was taken
2p peak was fit with two featurege., the 2g, — 2py,, doublet ~ as 2.27 g/c ' corresponding to a density of silicon ator@,
characteristic of electron emission from the Si substrate and a= 2.28 X 107 atom/cri. The density of the silicon nitride film
broader Gaussian-Lorenzian peak due to emission from the overlywas determined from the NRA and RBS measurements and
ing film. The doublet was characterized using €1.80) wafer given the thickness obtained by ellipsometry. This gave a value for the
an RCA-HF last clean and these featui@$1 eV splitting, 2:1 area  density of 2.95 g/cthwhich corresponds to a silicon concentration
ratio, 70% Gaussian-30% Lorentzian lineshapere used for the  C,, = 3.80 X 10?> atom/cni. The nitride wafer was given a 30 s
fitting of the spectra of the oxynitride films. The fit of the oxynitride clean in 1% HF solution, rinsed, and blown dry, and the substrates
Si 2p spectra thus involved optimizing seven parameters, the fullwere placed side-by-side on a metal mount along with a piece of
width at half maximum intensityfwhm) of the doublet, its intensity,  Si(100) given an RCA HF-last clean. Spectra were obtained for all
its position, the intensity of the Si 2pxynitride) peak, its fwhm, its  three samples, taking care to ensure that the spectrometer alignment
position, and the ratio of Gaussian/Lorenzian components in its line-and incident X-ray intensity was the same for all three.
shape. Since the films of interest had excellent electrical properties after
In the following the subscripts o, n, Si, and on are used to des-annealing, it was assumed that the oxynitrides, consisting of mol-
ignate parameters for the O 1s, N 1s, Si(@pbstrate), and Si2p ecules of SiQN, , were free of O-N, Si-Si, and dangling bonds,,
(bonded to O and Njeatures, respectively. It is assumed that the thatx/2 + 3y/4 = 1 (Mott's law, Ref. 18). It follows thai is re-
fllms_ are homogeneous, and this assumption is investigated in morgyted to the oxygen/nitrogen concentration rati®, by x
detail later. Thus\,, N,, andA, are the electron escape depths for — 4R/(3 + 2R). In Appendix A it is shown that the escape depth
the O 1s, N 1s, and Si 2p electrons in an oxynitride fiig), S;, and  in an oxynitride film can be given to a good approximation by a
Son are the atomic sensitivity factors, a@),, C,, andC,, are the linear interpolation between those for pure silicon dioxide and ni-
concentrations of oxygen, nitrogen, and silicon atoms in the film.tride films, A, and\,;, respectively, viz.
The parametek g; is the electron escape depth for Si 2p electrons in

the silicon substrateC; is the concentration of silicon atoms in the XNox T (2 = X)Nnit  2RAoy + 3N\t
substrate, and is the film thickness. The following quantities in- Non = > = TG+2R (6]
volving the aread,q, I, |4, andlg;, of the four features were used

; : L A% 13
in the analysis of the fllrﬁ% Finally, it is shown that3,, differs by <5% for silicon nitride

and silicon dioxide so only a small error is introduced by using the
d = Aoy cOK0) IN[1on/Bordsi + 1] [1] fqlloyvmg Ilnegr.lnte.rpolatlon between the vglues for pure silicon
dioxide and nitride filmsB,, and B, respectively

Co 1,51 — exp(—d/\, cos 6)] ~ XBox T (2 = X)Bit

R= C, - 1.S[1 — exp(—d/\, cos )] [2] Bon = 2 [7]
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Since the electron escape depths depend on the oxygen/nitroge
ratio, and the determination of the latter depends on the calculated
thickness, we have used a simple iterative procedure to calculate
andd. It uses pure silicon dioxide values as the initial guesses for
Non @nd Bon. The iterations, which can be carried out on a simple
spreadsheet, involve calculating Eq. 1, 2, 5, 6, and 7 and then re-
peating the sequence starting at Eq. 1. Convergeneelté% can
be obtained after two or three iterations.

Electrical measurements-Al-gated capacitors were made by
evaporating aluminum through a shadow mask followed by anneal-
ing in forming gas at 380°C for 20 min and back contacts
were made with In-Ga eutectic. The area of the capacitors,
~5 % 10* cn?, was measured to an accuracy ®2% with a
calibrated digitizing camera. Electrical measurements were made by
probing the Al gates in a probe station attached to two instruments,

Intensity (a.u.)

a multifrequency LCR meter(HP model 4275A), and a 3§6 308 460 462
picoammeter/dc voltage sour@dP model 4140B). High frequency L

CV measurements were made by stepping with 0.1 V steps eact (@) Binding Energy (eV)
second, first from—3 to +3 V and then in the reverse direction to

look for hysteresis. IV characteristics were obtained with the pi- 8 . ; T T " T y T

coammeter by stepping the voltage sourcerfrdo V in a positive
direction (toward accumulationuntil breakdown, which was char-
acterized by a steep rise to currents above?1@. The equivalent
oxide thickness was obtained from the 100 kHz CV characteristics =
by using the NCSU CV fitting routifé which includes quantum
effects in the channel.

Hajii et al® have used a Bruggeman effective medium approxi-
mation to estimate the dielectric constang,;;, of oxynitride films
in terms of the value ok

)

Intensity (a.u

Koxnit = 8.85— 4.82x+ 0.89% [8]

The coefficients were determined for oxynitride films produced by |
LPCVD with low oxygen contents, but the estimate has been used ' ' T ' T '
here for our films with higher values of. The equivalent oxide 98 100 102 104 106 108
thickness,d.q, was calculated from the XPS thickness using the (b) Binding Energy (eV)
relationshipdeq = 3.85d k gupit -

Figure 1. (a, Top)N 1s spectra andb, bottom)Si 2p spectra of plasma

Results nitrided films at various stages of processirig:—) after oxidation of
Characteristics of the N 1s XPS peakThe N 1s spectra for ~ Si(100)in NO at 780°C,(— — ) after exposure to Nplasma,(- - - )
some of the plasma-nitrided samples are shown in Fig. 1a and the f gg[,go s anneal in Nat 950°C,(—-—-— ) after 60 s anneal in JO at

of a single peak to a spectrum is shown in Fig. 2a for the sample
given a 15 s anneal in JO. The deviation between the measured
spectrum(solid circles)and the fit peaksolid line)is shown by the o . ) . .
dotted line(residual errors). With one exception, all the N 1s spectraPinding energy side of the main peak. This feature has previously
were well fit by one peak. The Jplasma increases the fwhm of the peen attrlbuFed to screening egfects associated with the formation of
N 1s spectrum from 1.46 to 1.73 eV, and for this spectrum a bettedSlands of SiQ at the interfacé: . _

fit is produced using two peaks, one at 398.3 eV with 31% of the 1he Si 2p spectra for the plasma-nitrided films are shown at
total area, and the other at 398.8 eV. Subsequent annealing reduc¥@rious stages of processing in Fig. 1b. The spectral decomposition
the fwhm to 1.57 eV, as shown in Table I. The peaks were refer-Of the spectrum for the plasma-nitrided film after a 15 s oxidation in
enced to the Si 2, substrate peak at 99.9 eV, so sample charging N,O is .shown in Fig. 2b WIFh the background removed. The sum of
or bandbending in the Si substrate could contribute to the smalthe residual errors for the fits are typicaty0.3% of the area of the
shifts from 398.3 to 398.8 eV shown in Table I. The high-resolution Measured peak areas for all the films after annealingiarN,O at

XPS measurements of Hussetyal2° identified two components in ~ 950°C. The residuals could be reduced by the addition of more
this energy range, a 398 eV peak assigned b, Siand a 398.8 eV components to the flt_s, but the improvements were not statlst_lcally
assigned to an oxynitride species of the form N-Si-O. Others havesignificant. The maximum errors in the area ratio of the Si 2p
ascribed a peak at 398.6 eV to bonding states where each N atom [§onded) to the Si 2p (substrate)peaks were estimated to be

bonded to only two Si atoms, leaving a nitrogen dangling Kdnd. ~=10%.
No feature near 400.7 eV attributable to N-O bdfdgas observed XPS calibration.—Analysis of the O 1s signal from the silicon
in any of the plasma-nitrided films after annealing ipON nitride sample indicated that there was approximately an amount of

The N 1s peak was at 398.5 eV for all the LPCVD samples, theoxide on the nitride surface that would be contained in a 0.12 nm
fwhm was 1.70 eV before JO oxidation, and the fwhm was 1.66 |ayer of silicon dioxide. Since a heater or sputter gun were not
+ 0.01 eV for all the oxidized LPCVD samples. The main peak available on the XPS system to remove this contamination, which
was fitted with one component, and there was no peak near 400.7 eWas probably water and oxidéthe measured peak areas were cor-
attributable to N-O bonds. However, the LPCVD films showed a rected by assuming there was a 0.12 nm thick fictitious layer on the
small satellite, which was observable after thgONoxidation, with surface of both the oxide and nitride standards that absorbed like
<0.3% of the area of the main peak situated at 4.2 eV to the highsilicon dioxide but contained no silicon. The sensitivity ratio ob-
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Figure 2. (a, top)N 1s spectrum an¢b, bottom)Si 2p spectrum with back-
ground removed for plasma-nitrided film after 15 s anneal jO [dt 950°C:
(0®®) measured(— — —) fit peaks,(——) sum of fit peaks(- - - -)

residual errors.

tained from the nitride standard w&g/S,, = 1.59, and that from

70 ' ' o
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Figure 3. XPS spectra of thick silicon dioxide- — —) and silicon nitride
films (——) showing the Si 2p features and associated peaks caused by
inelastic scattering.

= 0.97* 0.04. For SiQ, the value of By = 0.75 and oy

= 2.96 nm were taken from Ref. 7, and the valugg; = 0.73

and \,; = 1.73 nm, were calculated using the relationship
Brit/Box = Init/lox = (M nitCnid/(AoxCoy- The calculated Si 2p
electron escape depth for silicon nitride is 33% smaller than the
value of 2.59 nm obtained from the parameters of Seah and
Dench*

For comparison with prior studies, the broad feature between 109
and 140 eV in Fig. 3 associated with inelastic scattering was inte-
grated using a Shirley background. The yields, andY,;, were
estimated for the oxide and nitride films, respectively, by taking the
ratios of the main peak intensity to the sum of the intensities of the
main and plasmon peakis,i() or | ., (), for the nitride and oxide
samples. The results weré()/l () = 1.03*= 0.04, Yy
= 0.70 andY,; = 0.68. The value for Si@is identical to that
found in Ref. 7. The yields were not used in our analysis.

Thickness and composition of annealed fitmBigures 4 and 5
show the calculated thicknegsolid circles)and oxygen/nitrogen

the silicon dioxide standard w&,/S,, = 2.54, resulting inS,/S, 4.0 ' oo T ; 7
= 1.59. 3.5 — ]
The Si 2p spectra for the oxide and nitride standards, shown in — a 6
Fig. 3, are remarkably similar. The intensitidg, and |,,; of the ’g 3.04 . T 5
main Si 2p peak near 103 eV were obtained by integration using ¢ &, 25 . |
linear background which, as discussed above, is consistent wittew = | o 14 =
: : et | 2 " z
Tougaard's background correction technidlielhis gavel /I oy a 2.0 o =
O [y
% 1 * o 13 ©
= 1.51 —
=] 12
Table I. FWHM and binding energy (BE) of the N 1s XPS peak 1.0
for plasma-deposited silicon oxynitride films after various pro- 1 11
cess steps during formation and after annealing at 950°C in )O. 0.5
fvvhm BE 0~0 T M T T T v T T T T T T T 0
0 10 20 30 40 50 60
Process (ev) (eV) .
N,O Anneal Time (s)
NO at 780°C for 6 min 1.46 398.3
N, plasma at EOOT’C for5s 2.11 398.6 Figure 4. Thickness and oxygen/nitrogen concentrations ratio as a function
Anneal at 950°C in hifor 30 s 1.60 398.6 of annealing time in MO at 950°C for silicon oxynitride films deposited by
15 sin NO 158 398.7 LPCVD on Si(100)(®) thickness from XPS(A) equivalent oxide thickness
20 s in NO 1.57 398.8 determined from XPS measurements and calculated dielectric cor&tant,
30 sin NO 157 398.8 [OV[N] from XPS measurementé,]) XPS thickness for $100) oxidized in
60 s in NO 1.57 398.8 N,O at 950°C.
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Wavenumber (cm') Figure 6. Magnitude of 4SiJ/(2[O] + 3[N]) calculated using the XPS
) . . . . _measurements for the plasma-nitrid@®) and LPCVD (M) films as a func-
Figure 5. Thickness and oxygen/nitrogen concentrations ratio as a func’uontion of annealing time in BD at 950°C. For films with no N-O bonds and all
of annealing time in BO at 950°C for silicon oxynitride films formed by : : _
oxidation of Si(100)in NO followed by plasma nitridation(®) thickness Si fully bonded to O and N, {5iJ/(2[O] + 3[N]) = 1.
from XPS,(#) thickness from XPS uncorrected for nitrog¢ll) equivalent
oxide thickness determined by electrical measuremeatsequivalent oxide
thickness determined from XPS measureme(is,[O)/[N] from XPS mea- In Fig. 5 the thickness obtained from the XPS measurements
surements. using Eqg. 1 with the values of,, and,, for pure silicon dioxide
films is shown for comparisoisolid diamonds). The differences
between these raw thickness values and those calculated using the
values corrected for composition at®.3 nm over the whole range
of oxidation times. The corrections will be more significant for films
with lower values ofR.
The quantity 4/(% + 3y) = 4[Si]/(2[O] + 3[N])
= 4C,,/(C, + 3C,) can be calculated using Eq. 3 and 4 and a
value of 1 is expected for ideal oxynitride films obeying Mott's

concentration ratiogopen circles)as a function of MO annealing
time for the LPCVD and plasma-nitrided films, respectively. Before
oxidation in NO the silicon oxynitride film formed by plasma ni-
tridation had an oxygen/nitrogen concentration rao= 1.9. The
film deposited by LPCVD initially had more nitrogen but was not 3 . -
o . . ; law'® (no Si-Si, O-N, or dangling bonglsExcept for the plasma-
]?uurrneagg”gf (;/r\:ghF?T; g)'/gs)télr'rlfeiéggi;? \;\;]ite‘; g;gce)ggsmgnl‘gﬁx el?ell aqitride(ol film before NO oxida%iong, the galues ghown in II—‘Oig. 6 are
1000°C. The LPCVD oxynitride films increased in thickness during close to 1, confirming the calibration of our XPS measurements and

. o . . he high quality of the films.
the first 20 s by only 0.9 nm and the plasma-nitrided films |ncreaseoI . . .
by 1.0 nm during the same time. The more rapid oxidation of the Figures 7 and 8 show the 100 kHz capacitance per unit area and

e 4 L current density, respectively, as a function of applied voltage for a
ipslzsrrcr)]k?agllg/n?jsg {l(l)rr:ﬁeegacrtl ttﬁgtu ?hhe)t/h:ryel?rl]tiﬁlrl]lgrhave more oxygen plasma-nitrided film with an equivalent oxide thickness of 1.8 nm

In Fig. 4 the thickness of a film formed by directly oxidizing a formed by annealing in b0 at 950°C for 20 s. No hysteresis was
Si(100)wafer given a RCA-HF last clean is shown, for comparison, observed between the forward and reverse CV sweeps. Figure 7 also
by the open squares. The oxidations were done for 15 and 30 s at

950°C in NO. The thicknesses are in agreement with th® Mxi-
dation measurements of Tirgg al.?> confirming the calibration of 1600

our pyrometer. XPS measurements indicate a low nitrogen concen L ' ' '

tration, as expected, with an N 1s peak position at 398.7 eV and ¢ 1400 F .

fwhm of 1.65 eV. Comparing these results with the results for the F

plasma-nitrided films in Fig. 5 and Table I indicates that, for com- «_ 1200} .

parable oxidation times at 950°C, the plasma-nitrided and oxidized ?, r

films have lower equivalent thicknesses than the films produced by [T 1000 - T

oxidizing bare Si(100substrates in D, have a much higher nitro- 2 800- i

gen concentration, and a smaller fwhm indicative of more ordered « | 100 kHz

bonding arrangements. T 600 4
The equivalent oxide thickness, shown by the solid triangles in L |

Fig. 4 and 5, was calculated from the dielectric constant and XPS 400F -

thickness. For the plasma-nitrided films in Fig. 5, these can be com- - 1

pared to the equivalent oxide thickness obtained from the CV mea- 200 .

surementgsolid squares). There is agreement to within 0.2 nm. For I

the LPCVD films, a higher leakage current interfered with the CV 0_2 ' _'1 ' (') ' i ' 5

measurements and a reliable equivalent thickness could not be ok

tained in this manner. The leakage in the LPCVD films might be Bias (V)

associated with the presence of silicon dioxide islands at the silicon

interface dedutl:ed from the N 1s spectra. Itis also worth pointing oUtrigure 7. Capacitance per unit area at 100 k¥dzvoltage for plasma nitride
that Songet al.* annealed their LPCVD films in ammonia prior t0 fjim annealed for 30 s in DD at 950°C:(®) measured(——) fit from
N,O oxidation to reduce their leakage currents. NCSU CV progrant?
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Figure 8. Current densitys.voltage for plasma nitride film annealed for 30  Figure 9. Calculated XPS thicknessl, divided by equivalent oxide thick-
sin N,O at 950°C(——) measured(- - - -) calculated from expression of ~N€ssdeq, for films consisting of a layer of silicon dioxide on top of a layer
Brar et al?® of silicon nitride (open symbolgs or a layer of silicon nitride on silicon
dioxide (solid symboly: (@) deq= 2.0 nm, (H) deg= 1.5 nm, (A) deq
= 1.0 nm.

shows the result of the fit from the NCSU CV program used to . . _ o
obtaint., and Fig. 8 shows the current density for a silicon dioxide Scattering technique available at a few research institutions could be
film with the same equivalent thickness obtained from the expresUsed to verify this conclusion, but these techniques were not readily
sion of Braret al?® The oxynitride film has lower currents by a available and beyond the scope of this work.

factor of 18 at 1 V and 22 at 1.5 V than a Si@lm with the same Conclusions

dgq and breakdown occurred at 3.5 V. The current reductions are
lower than the factor of 100 reduction achieved by Sengl* for a
N,O annealed LPCVD nitride with comparablg,, and this may
reflect a lower nitrogen concentration in our films since they were
not annealed in ammonia prior to oxidation.

Thin oxynitride films on Si100) substrates have been oxidized in
N,O at 950°C for times up to 60 s to emulate a process commonly
used to improve the quality of gate insulators being developed for
deep submicrometer CMOS technology. A considerable oxidation is
observed to take place on this time scale with oxygen/nitrogen ratios
) ) increasing from one through four for the LPCVD films and from
Discussion two through six for the plasma-nitrided films. The concomitant in-
The analysis presented here assumes a uniform stoichiometrgrease in equivalent oxide thickness has been determined by CV
throughout the films. To estimate the errors that could be introducedanalysis, where leakage currents were low enough to perform reli-
by this assumption, simulations of the O 1s, N 1s, and Si 2p inten-able measurements at 100 kHz. The equivalent oxide thickness de-
sities were done for films ha\/ing equiva|ent thickngj%%“ assum- termined by correcting the XPS thicknes$ for the dielectric constant
ing that all the nitrogen is bonded as agMgilayer with a thickness, ~ (calculated from the oxygen/nitrogen ratio and an EMxere 0.2
d,, under a layer of SiQwith a thicknesd,. The equations used NM larger. A 10% error in the intensity ratios can account for 60%
are given in Appendix B, and similar equations apply for the other ©f this discrepancy. Another possible source of the difference may
extreme where all the SiQs in a layer situated under a8i, layer. ~ P€ the assumed silicon nitride density which was obtained from the
The ratiof = dg/(d, + d,) must satisfy the requirement the silicon r)ltrlde standard. This densn_ty may nhot be_ appropriate for the
= s a5/8 85‘2 d00= d0E1 + 0.435f — 0.435), where the gi- Cal(:“"?‘“(iﬂs of_lt_he esc_?pc;s dgpths_tln S|I|c?dn oxygltrldes.éﬂowever, an
” : 0 oS error in the silicon nitride density would produce a discrepancy
B e e e v o 5 Fo-aaa gt e decreases i T ] o, conrar 0wt ' oserved
deq, the ratiosl /1, and (g, + lsig)/1s were calculated, wherk;, N H9. o. A ‘arger difierence wod result from a nonuniiorm dis

0 o . tribution of nitrogen through the films.
andlg, are the intensities of the Si Zponded)peak from the pure By analyzing the photoelectron yield from thick silicon dioxide

Si0, and SiN, layers, respectively. These ratios were treated asang silicon nitride films, the electron escape depth in silicon nitride
experimental inputs to the iterative solution of Eq. 1, 2, 5, 6, and 7\yas estimated to be 1.7 nm. Some of the approximations developed
to get a self-consistent value dfandR, i.e., the values ol andR tg determine the thickness of the films by XPS could be refined. It
ure 9 shows plots odl/deqVvs. Rfor deq = 1.0, 1.5, and 2.0 nm. The  silicon nitride or oxynitrides directly by comparing thickness mea-
solid symbols pertain to the case where the nitride sits on top, an&urements of uniform ultrathin films with TEM measurements. This
for the open symbols the oxide sits on top. The results show that thevould require a technique for reliably producing stoichiometric sili-
extreme distributions can result in large errors, but the errors becon nitride films or uniform oxynitride films with varying thickness.
come less significant for films with smallek,,. For the plasma-  However, the approximations used to extrapolate the electron escape
nitrided films used for the CV analysidgq = 1.8 nm andR > 3, depth for oxynitride from that previously determined for silicon di-
so that errors of up to 25% in the calculated equivalent oxide thick-oxide are not expected to lead to significant errors in this work since
ness are possible. The close agreement between the values caldhe oxidized films had relatively large oxygen/nitrogen ratios. Of
lated from the XPS and CV measurements indicates that our plasmanore concern is the use of the Bruggeman effective medium ap-
nitrided films have a relatively uniform nitrogen distribution, or that proximation which has only been verified for higher nitrogen con-
the centroid of nitrogen concentration is near the center of the film.centrations than that obtained for this wérk.

Obtaining nitrogen depth profiles for such thin films by angle- Finally, we have shown that plasma nitridation of NO-oxidized
dependent XPS measurements or by the medium-energy ionSi(100)using an ECR nitrogen plasma is capable of producing high-
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quality gate dielectrics. For a plasma oxynitride with, and

1.8 nm we have achieved current reductions~¢f0 for gate
voltages in the range 1-1.5 V. Further analysis of these plasma-
nitrided films on MOSFETSs with polysilicon gates would be worth- whereX, o is the escape depth for the N 1s electrons in silicon dioxide. Assuming,

while. again, that the escape depths scale &, 14 givesh, ox = N ox(855/1150§/2. Similar
equations can be derived for the case where the silicon nitride is on top of the silicon

Isin= SnitCni[1 — exp(—d, /Ny cos 0)] exp(—do/Nox COS 6) [B-6]
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Appendix A

A Linear Approximation fom

In this Appendix a linear interpolation for the electron escape depth in silicon
oxynitride,\,,, is derived in terms of the electron escape depths in pure silicon dioxide
and nitride,\,, and A, respectively. An interpolation of the oxynitride molecular
volume from the molecular voluma4,, andV,;;, respectively, of the constituents SiO
and SiN,; can be used for an oxynitride obeying Mott's law, viz.

X (2 —Xx)
Voxnit = E - Vox + T nit
3 2R
“3ror Vit 3R Ve [A-L)
Since the energy of the Si 2p photoelectrons is relatively large (

1150 eV), the simple relationship tabulated by Seah and Dénem be used to
relate the scattering mean-free patin nanometers for the oxynitride, \g,

= 0.72&E2, where the monolayer thickneé® nanometers a = [Voyni/(1 + X

+ y)]¥3, and Vgy,i is the volume of the oxynitride molecule with composition
SiON, . This results in an estimate for the mean-free path for the oxynitride

S Vit + 312 - Vo, |2
(7 + x)

3V + 2R - Vg |H2 3(1 — x/2
Non = 0.7251’2{""—”} = 0.72E“Z[ { )

(7 + 6R) Mok

[A-2]

The molecular volume¥, and V,; were estimated from the densities of $i@nd
SisN,, 2.27 and 2.95 g/charespectively. The values of mean-free path calculated using
this relation arex,; = 2.59 nm and\,, = 2.93 nm, for silicon nitride and silicon
dioxide, respectively. The calculations show that between these limits a simple linear
interpolation,\ o, = X/2 - Noy + (1 — X/2) - Ay, results in deviations from Eq. A-2

of no larger than 1%. This justifies the use of a linear interpolation for the oxynitride
films; however, since the measured electron escape depths for silicon dioxide and sili- 3,

1.

2.

con nitride films differ from those calculated above, the experimental valueg,@nd 4.
N\nit have been used in the interpolation fa, .

Appendix B 5

6.

Intensities for Two-Layer Films 7

In this Appendix the intensities of the O 1s, N 1s, Si 2p peaks are calculated 8,
assuming a film having an equivalent oxide thicknegs, is composed of two layers,
one pure oxide with thicknes$, and a dielectric constant of 3.85, and the other pure
nitride with thicknessd, and dielectric constant of 8.85. The thicknesses of the two
layers are fixed byleq and a specification of the fraction of the total thicknéssshich
is silicon dioxide

9.

10.

11.

8.85dgq 1.

B 8.851 — f)deq
© 885 + 3851 f)

do 8.85 + 3.851 — )

and d, = [B-1]

Assuming the silicon nitride layer sits underneath the silicon dioxide layer, the follow-
ing standard equations can be wriftet?

16
lo = S,CJ1 — exp(—dy/N, cOs 0)] [B-2] 17
Ih= S,C1 — exp(—d,/\, cos 0)] exp(—do/Npox COS 0) [B-3] 18
19
lsi = SsiCsi exp(—dn /Ny oS ) exp(—dy /gy COS 6) [B-4]
Isio = SoxCod 1 — exp(—dg/Noy COS 6)] [B-5]

dioxide.

List of Symbols
[Voxnit/(1 + x + y)]¥® the monolayer thicknesén nanometersof the mol-
ecule SiQNy
concentration of oxygen, nitrogen, and silicon atoms in
silicon oxynitride
the concentration of Si in silicon dioxide and nitride
standards
Csi concentration of silicon atoms in silicon substrate

deq = 3.85dk oy €quivalent oxide thickness from XPS measurements

dy, dy, d thickness of silicon dioxide, nitride, and oxynitride
films for XPS measurements
photoelectron energy
area of the O 1s and N 1s XPS peaks
intensity of the Si 2p peak, including plasmon contri-
butions, for silicon dioxide and nitride standards.
area of the Si 2gbonded)XPS peak in silicon dioxide,
nitride, or oxynitride
area of the Si 2p XPS doublet from the(B10) sub-
strate
oxygen/nitrogen concentration ratio
atomic sensitivity factors used to calculate oxygen, ni-
trogen, and silicon concentrations from the O 1S, N 1s,
and Si 2p(bonded)XPS peak areas
atomic sensitivity factor used to calculate the silicon
concentration in the silicon substrate
equivalent oxide thickness from CV measurements
transmission of the electron analyzer at the energies of
the O 1s, N 1s, and Si 2p electrons
the molecular volumes of silicon oxide, nitride, and
oxynitride.
number of oxygen and nitrogen atoms, respectively, in
a molecule of SN,

Co. Ch, Con

Cox ’ Cnit

E
lo, |

o), 1)

Isior Isinl lon

Vox: Vnilx Voxnit

X,y

Greek

Koxnit dielectric constant of oxynitride
Nnit» Non  Si 2p electron escape depth from silicon dioxide, nitride, and oxynitride

Ao» An O 1s and N 1s XPS electron escape depths from silicon oxynitride
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