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J. Schäferb)

The Ohio State University, Columbus, Ohio 43210-1272

H. Niimi
Department of Materials Science and Engineering, North Carolina State University, Raleigh, North
Carolina 27965

G. Lucovsky
Department of Physics, North Carolina State University, Raleigh, North Carolina 27965

~Received 30 December 1998; accepted 3 May 1999!

We use cathodoluminescence spectroscopy~CLS! to investigate the electronic states of ultrathin
gate dielectrics with nitrided SiO2– Si interfaces, known to improve reliability in advanced
complementary metal–oxide–semiconductor devices. The 5 nm thick films investigated were:~i!
as-deposited~at 300 °C! structures,~ii ! 400 °C hydrogen anneal,~iii ! 900 °C rapid thermal anneal
~RTA!, and ~iv! a combination of both anneals. CLS emission energies and intensities versus
excitation energy were essentially unchanged for the as-deposited interface compared to
non-nitrided plasma-processed interfaces. In the near-infrared, features appear at 0.8 and 1.0 eV,
with the 1.0 eV peak Si substrate intensity increasing with increasing depth. From depth variation
measurements at higher photon energy, a 3.4 eV peak is also shown to arise from the Si substrate,
and a 2.7 eV feature is shown to come from the interface region. After hydrogenation, the CLS is
essentially the same as for non-nitrided interfaces, except for an increase in the relative intensity of
a broad background luminescence ranging from 1.5 to 2.5 eV. However, the RTA and the
combination of the RTA and hydrogenation do not completely suppress emission near 2.0 eV
feature as for non-nitrided interfaces. From the behavior of the CLS features, we are able to clearly
distinguish between interfacial defects and substrate features, which are significantly reduced by the
combined RTA/hydrogen anneal, and features that are not reduced by the annealing procedures.
© 1999 American Vacuum Society.@S0734-2101~99!22804-7#
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I. INTRODUCTION

As metal–oxide–semiconductor field effect transis
~MOSFET! device dimensions are scaled into the deep s
micron range to achieve higher levels of circuit integratio
there must be corresponding decreases in the ox
equivalent thickness of dielectrics to maintain the curr
flow needed for device operation. In order to maintain c
rent trends, the thickness of the SiO2 dielectric in these de-
vices is beginning to approach the direct tunneling regime
'2.0 nm. Point defects, monolayer roughness, substoic
metric SiOx , and other interfacial properties now occupy
significant fraction of the overall thickness of the dielectr
dominating their behavior and potentially severely limitin
device performance and reliability.1 By using higher-K di-
electrics such as Si3N4, TiO2, or Ta2O5, the dielectric layer
could be made thicker without sacrificing performance, ho
ever, high interface state densities measured when thes
electrics are deposited directly on silicon have preven

a!Corresponding author; electronic mail: apyoung@ee.eng.ohio-state.ed
b!Current address: Lawrence Berkeley Lab, 1 Cyclotron Rd., Mail S

7-222, Berkeley, CA 94720.
1258 J. Vac. Sci. Technol. A 17 „4…, Jul/Aug 1999 0734-2101/99/
r
-

,
e-
t
-

f
o-

,

-
di-
d

their use to date. A combination of an ultrathin dielect
plus a SiO2 passivation layer may accomplish both goals,
combining the low interface state density of the SiO2– Si
interface with the high dielectric constant material maki
up the rest of the dielectric film. Controlling such thin laye
necessitates an increased understanding and control o
chemical bonding and defect states in the immediate vicin
of the underlying SiO2– Si interface.

Implicit in the deposition process for these composite g
dielectrics is the necessity to combine controlled interfa
formation either by thermal or plasma-assisted oxidat
with physical, chemical vapor, or plasma-assisted deposi
processes for the remainder of the dielectric layer. Stud
performed to date on SiO2– Si interfaces and nitrided
SiO2– Si interfaces, have demonstrated that transitions
gions with suboxide bonding are created during therm
rapid thermal or plasma-assisted oxidation, and that to d
the extent of these regions is decreased significantly aft
900 °C anneal.2 Here, we present results using low-ener
cathodoluminescence spectroscopy~CLS! to probe the elec-
tronic states associated with incomplete bonding in th
transition regions.
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II. EXPERIMENT

In this work, we report CLS studies of:~i! as-deposited
films, ~ii ! post-deposition hydrogenation for 30 min
400 °C,3 ~iii ! rapid thermal annealing to 900 °C, and~iv!
films subjected to a 900 °C rapid thermal anneal followed
hydrogenation at 400 °C.4,5

The films were prepared on;10 V cm boron-doped
p-Si~100! substrates, cleaned by repeated oxidation, t
etch back in hydrofluoric acid, with a final oxide-remov
etch in 1 at % HF. The SiO2– Si structures were formed by
three-step plasma process:6–8 ~i! remote plasma-assisted ox
dation~RPAO! to form the interface and grow;0.5–0.6 nm
of SiO2; ~ii ! remote plasma nitride deposition@1 monolayer
of N as measured by Auger electron spectroscopy~AES! and
secondary ion mass spectroscopy~SIMS! of similar
specimens#9 using N2 as the source gas; and~iii ! remote
plasma-enhanced chemical vapor deposition~RPECVD! to
deposit the bulk oxide film, to a total SiO2 thickness of;5
nm. For each step, the substrate temperature was 300 °C
process pressure 0.3 Torr, and the plasma power 30 W.
active species for the RPAO were extracted from a rem
He/O2 ~10:1! plasma. For the 5 nm oxide film depositio
silane diluted in He~2%! was delivered downstream, and th
He/O2 mixture was excited in the plasma tube. The ratios
the source gases were He/O2/SiH45200/20/0.2. For anneal
ing studies, samples were subjected to either a 400 °C an
in forming gas (N2/H2) for 30 min, a rapid thermal annea
~RTA! at 900 °C in Ar for 30 s, or both the RTA and then th
400 °C N2/H2 anneal. The specimens were transferred in
into an ultrahigh vacuum~UHV! chamber for CLS analysis
CLS studies were carried out at room temperature with e
tron beam energies between 0.6 and 4.5 kV and beam
rents of 1–4mA on a spot defocused to approximately 200
500 mm in diameter. The luminescence was recorded wit
Leiss flint prism monochromator set to;40 meV resolution
using a Ge detector for infrared energies, and a S-20 ph
cathode for the visible to near ultraviolet spectral range. T
spectra have not been corrected for the optical respons
the detection system. It is known however, that for the S
detector, the system response is relatively flat from 1.75
3.5 eV, while for the Ge detector, the system response cu
peaks at 0.85 eV with good sensitivity between 0.75 and 1
eV.

III. DEPTH DEPENDENCE

In an attempt to correlate the depth dependence of
electron beam penetration with the primary beam energy,
follow the work of Koyama as reported by Yacobi, wh
derived an analytical expression for the electron range,
suming a continuous slowing down process for t
electrons.10

Rb5S 0.0276A

rZ0.889 D E1.67~mm!, ~1!

whereA is the atomic mass,r is the density in g/cm3, Z is
atomic number, andE is the energy of the incident electro
JVST A - Vacuum, Surfaces, and Films
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beam in kV. Using this relation to define the total range
combination with the general form for the electron ener
loss curve as given by Everhart and Hoff,11 we obtain an
expression for the electron energy loss per unit path lengt
a function of depth for a given initial primary beam energy
normal incidence. A cosu term takes the orientation of th
electron gun relative to the specimen into account. Th
using a density for silicon of 2.33 g/cm3,12 we arrive at the
form for the electron energy loss curve for a given init
beam energy as a function of depth and presented in Fig
This figure shows how penetration increases with beam v
age and illustrates the wide range of excitation depths p
sible.

IV. RESULTS

Cathodoluminescence spectra as a function of probe d
are shown in Fig. 2 for the as-deposited specimen using
S-20 photomultiplier. The S-20 detector is sensitive abo
'1.4 eV on the low-energy end, while on the high-ener
end of the spectrum, the spectra are cut off by the respo
of the monochromator at'3.75 eV. For high electron beam
energies, the electrons easily penetrate past the 5 nm o
overlayer into the bulkp-Si~100! substrate. The optical spec
trum is dominated by a broad feature beginning from
detector cutoff at 1.5 eV extending out to 3.0 eV, while
the ultraviolet~UV! spectral region, a second unresolved fe
ture is also observed, centered at 3.4 eV. As the elec
beam energy is lowered to 2.0 kV, the 3.4 eV feature dis
pears. At still lower beam energies, a new feature appea
2.7 eV, so that by 0.6 kV, the 2.7 eV feature is 80% of t
intensity of the lower-energy feature centered at 1.9 eV.

FIG. 1. Depth-dose curves of various electron beam energies for Si a
incident angle of 45° to the surface. While the total range for elect
energy loss rapidly exceeds 5.0 nm, the maximum in the energy loss c
increases more slowly, reaching a maximum at 5 nm at a beam energ
'750 eV.
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addition to the relative changes occurring between the
peaks, the overall optical intensity is decreasing, even tho
the same power is being injected into the specimen. The
kV spectrum is five times weaker than the corresponding
kV spectrum indicative of competition from surface nonr
diative recombination channels.

As high-energy electrons thermalize within the silic
substrate, radiative recombination occurs between the low
conduction band minimum and the valence band edge,
the band gap. Indeed, depth-dependent CLS in the nea
frared, shown in Fig. 3, indicates the presence of band
related emission from the underlying Si at 1.0 eV for lar
penetration depths. In addition to the main feature at 1.0
there is also spectral intensity centered near 0.8 eV. As
penetration depth of the primary electrons decreases,
band edge feature decreases leading to a relative increa
the 0.8 eV feature until, for the most shallow penetrat
depth~0.6 kV!, the two features are of equal intensity.

V. PROCESS DEPENDENCE OBSERVED BY CLS

The CLS spectra observed at a beam energy of 1.0
highlights the changes occurring near the SiO2– Si interface.
Figure 4, the as-deposited spectra from Figs. 2 and 3
replotted with the addition of the changes observed a
various processing steps. Focusing first on the optical fea
at 2.7 eV, we observe a 10% reduction in the luminesce
intensity at this energy after the 400 °C hydrogenation p

FIG. 2. CLS spectra of the as-deposited ultrathin 5 nm nitrided, SiO2 film
with a S-20 photodetector for varying incident electron beam energy. C
to the film/substrate interface~low excitation energies!, defects characteris
tic of oxygen deficient SiOx are detected at 2.7 eV. Evidence for dire
transitions involving the Si substrate~3.4 eV! appears at higher beam ene
gies.
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cessing step. The 900 °C RTA anneal is even more effec
at reducing the intensity of this feature. Finally, the com
nation of the processing steps reduces the intensity to s
an extent~over 40% from the as-deposited case! that it can
no longer be resolved as a shoulder on the background.

In the infrared spectral region, the situation is more co
plicated. The 400 °C hydrogenation reduces both feature
0.8 and 1.0 eV. The 900 °C RTA anneal seems to hav
similar effect on the specimen, reducing the intensity of b
features by about a factor of 2. However, the combination
the two processing steps clearly increases the intensity f
both features, basically to the same intensity level as
as-deposited case.

By taking advantage of the depth resolution capability
CLS, we can simultaneous compare and contrast the cha
induced by processing in the substrate versus those a
interface. In Fig. 5, we show CLS spectra at a beam ene
of 3 kV. From the curves in Fig. 1, the bulk of the electro
hole pair generation is clearly within the substrate when
beam energy is 3 kV. From the series of spectra at 3 kV
Fig. 5, we see the 400 °C anneal has little effect on the sp
men in the infrared, while seeming to have the largest eff
on the broad emission band between 1.5 and 2.5 eV, cut
the intensity in that spectral range significantly. On the ot
hand, the 900 °C RTA anneal has a large effect on the in
red part of the spectrum, cutting the 1.0 eV feature by
factor of 2, while at the same time having little or no effect
higher energies.

The combination of the 400 °C hydrogenation and t

e

FIG. 3. CLS spectra of the as-deposited SiO2– Si film in the infrared regime
using a LN2 cooled Ge detector. Si defect emission is evident at 0.8
Band edge luminescence from the crystalline substrate increases wit
creasing excitation beam voltage and hence increasing excitation dept
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900 °C RTA has a dramatic effect on all parts of the su
strate CLS spectrum. In the optical and near-UV spectr
the broadband from 1.5–2.5 eV is significantly reduced, w
the main feature now centered at 3.4 eV, a feature ba
observed in the as-deposited specimen. Furthermore, sim
to the interface CLS spectrum in Fig. 4, the overall opti
intensity in the infrared seems to have increased for the c
bination anneal relative to the individual anneals.

VI. DISCUSSION

The depth-dependent CLS spectra shows various asp
of the known luminescence spectra of the Si substrate
the SiO2 overlayer. However, the possible effect on the sp
tra of a deliberately nitrided interface is not nearly as w
understood. Amorphous SiO2 has been shown to have tw
spectral features in the visible region of the spectrum,13 one
at 1.9 eV and the other at 2.7 eV, the main spectral fea
occurring at 2.7 eV. These features are also observed in c
talline SiO2 ~quartz! indicating the localized nature of thes
optically active deep level defects. The 1.9 eV feature
SiO2 has been correlated with the presence of hydro
groups in the SiO2.

14 Since the bulk of the SiO2 in our case
is grown by RPECVD, which contains large amounts of a
bient H during the growth process, one would expect to
some luminescence in the CLS spectral also at 1.9 eV.

FIG. 4. Evolution of the defect bands vs annealing treatments for the s
1.0 kV electron beam excitation energy. The luminescent intensity for e
detector is calibrated between scans. However, the absolute lumine
intensity response between the two detectors is not calibrated. A st
decrease in defect intensity is observed at 2.7 eV upon annealing. Wh
comparison, in the infrared, hydrogenation at 400 °C and the 900 °C R
anneal reduce the luminescence features, the combination of the two an
does not change the spectra appreciably.
JVST A - Vacuum, Surfaces, and Films
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Second, the feature at 2.7 eV has not only been see
bulk SiO2, but it has also been observed in thick, therma
grown SiO2– Si films by CLs as well.15 Furthermore, using
etch-back techniques, the authors were able to determine
the 2.7 eV was localized within 25 nm of the interface
these thermally grown SiO2– Si films. In previous work on
non-nitrided SiO2– Si,4,5 we have been able to determin
nondestructively that the 2.7 eV feature is within only a fe
nm of the interface.

Superimposed on the SiO2-like features are the spectra
features associated with the band structure of silicon as
as localized defects within the silicon itself. While bulk sil
con does not luminescence strongly under laser excitatio
does luminescences under electron excitation at ro
temperature.16 Si has two peaks in the imaginary compone
of the dielectric constant above the 1.1 eV band gap at
and 4.3 eV, respectively,17 therefore, optical emission would
also be expected at similar energies. While we cannot m
sure the 4.3 eV peak due to the low efficiency of this p
ticular optical train, in the UV we can correlate the emissi
observed at 3.4 eV with the emission of light from bu
crystalline Si.

Localized defects both within the Si substrate and at
SiO2– Si interface can lead to emission at below band-g
energies. Indeed, luminescence has been observed we

e
h

ent
dy
in
A
als

FIG. 5. Evolution of the defect bands vs annealing treatments for the s
3.0 kV excitation energy. The luminescent intensity for each detecto
calibrated between scans. However, the absolute luminescent intensit
sponse between the two detectors is not calibrated. A dramatic decrea
luminescence is observed for the band peaked at 1.9 eV upon annealing
with a 900 °C RTA anneal and with a 400 °C hydrogenation anneal. In
infrared though, the combination anneal actually increases the lumines
intensity at 0.8 eV.
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low the Si band gap at 0.8 eV~Ref. 18! and associated with
Si dangling bonds. Broad above band-gap emission obse
in 5 nm SiO2– Si films and in these nitrided SiO2– Si case is
more difficult to explain. Because the emission at 1.5–2.5
is removed by the combination anneal shown in Fig. 5
cannot be an intrinsic property of the substrate, theref
this emission must be associated with local disorder in
silicon substrate in the near-interface region.

VII. ROLE OF N MONOLAYERS ON CLS SPECTRA

All spectral features mentioned in the previous sect
were also observed in 5 nm SiO2– Si without the monolayer
~ML ! of N. The 1 ML N layer does not induce new optical
active peaks in the CLS spectrum, however, it does hav
dramatic impact on the process dependence behavior of t
5 nm films.

Beginning in the infrared, the 0.8 eV defect feature w
observed to double in intensity after the combination anne
for the nitrided case. This is in stark contrast with t
SiO2– Si case, where the 0.8 and 1.0 eV features both
creased to very low intensities after the combination ann
If the 0.8 eV feature is due to Si dangling bond defec
known to be passivated by H, then the N is preventing
passivation of these defects. Similarly, for the SiO2– Si case,
the broad disorder-induced emission at 1.5–2.5 eV was
pressed by the 900 °C RTA anneal alone5 at E52 kV, close
to the interface. For the nitrided interface, both anneals
necessary. Furthermore, the emission is then only reduce
3 kV, significantly further from the interface than in the no
nitrided case.

Speculating on the nature of this process depende
N–N bond strengths are significantly higher~226 kcal/mol!
than O–O bond strengths~119 kcal/mol!, while Si–N bond
~105 kcal/mol! are less than Si–O bonds at 190 kcal/mo19

While we do not know the precise bonding environment
the N in these films, it is clear they show enhanced lumin
cence compared to non-nitrided specimens, therefore, th
trogen has not found it’s optimal bonding configuration. T
process parameters used in these experiments work
tremely well for the SiO2– Si interface, however, they ma
not be adequate for optimizing optical properties in the pr
ence of nitrogen. The electrical properties of these nitrid
films show great promise for MOS structures. From a kine
standpoint, higher temperatures might be needed to comp
any chemical reaction at the interface. All else being eq
higher temperature or longer time anneals might impro
them further still.
J. Vac. Sci. Technol. A, Vol. 17, No. 4, Jul/Aug 1999
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In summary, we report observations of depth-resolv
CLS interfacial regions and localized point defect arran
ments for ultrathin, atomically controlled, nitrided SiO2– Si
films. While we do not directly observe the spectrosco
presence of nitrogen at the interface, it is clear the nitrog
dramatically alters the annealing behavior of these ultrat
films. The direct, nondestructive observation of the bond
arrangements both at andbelow the interface can help guid
the future development of novel, ultrathin dielectrics.
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