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We demonstrate three different ways to incorporate nitrogen at Si–SiO2 interfaces:~i! an O2/He
plasma oxidation of the Si surface followed by an N2/He plasma nitridation,~ii ! an N2/He plasma
nitridation of the Si surface, and~iii ! a Si3N4 film deposition on to the Si surface. The two-step
interface formation, the O2/He plasma oxidation followed by the N2/He plasma nitridation, is shown
to yield significantly better interface device properties than the other two approaches. These
differences in interface properties are explained by an application of constraint theory based on
comparisons of the average bonding coordination of the dielectric layer at the interface with the Si
substrate. ©1999 American Vacuum Society.@S0734-2101~99!03806-3#
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I. INTRODUCTION

Incorporation of nitrogen atoms at the Si–SiO2 interface
has been shown to improve metal–oxide–semicondu
field-effect-transistor~MOSFET! device performance an
reliability.1–5 Techniques for the incorporation of nitrogen
the Si–SiO2 interface fall into six broad categories. The
are:~i! interface nitridation by thermal annealing of the SiO2

in an ammonia~NH3),6,7 nitrous oxide~N2O!8,9 or nitric ox-
ide ~NO!10,11 ambients, ~ii ! direct thermal oxidation/
nitridation of the Si surface in N2O12,13 or NO,14 ~iii ! ion
implantation of N2 into the Si substrate followed by the the
mal oxidation,15,16 ~iv! N2O remote plasma-assiste
oxidation/nitridation of the Si surface,17,18 ~v! the N2/He re-
mote plasma nitridation technique described in this article
well as~vi! chemical vapor deposition~CVD! of Si3N4 on to
the Si surface. Two important aspects in preparing dev
quality dielectrics with nitrided interface are~i! ‘‘monolayer-
level’’ controlled nitrogen incorporation at the Si–SiO2 in-
terface, and~ii ! creation of a low defect state density an
robust~reliable! Si–SiO2 interface. Using thermal or plasma
assisted oxidation/nitridation of the Si surface in N2O or NO
source gases, oxide growth and interfacial nitridation p
cesses proceed concurrently and as such it is generally
cult to control independently the oxide thicknesstox and the
degree of nitridation for ultrathin gate oxides (tox,3 nm!.
This is especially true for the high-temperature thermal p
cessing because of potential differences in thermal activa
energies for the oxide growth and interfacial nitridation. T
focus in this article is on low temperature plasma-assis
processes in which selective excitation of reactive specie
controlled by plasma excitation processes.

The IBM group19–23 developed a low-temperature direc
plasma CVD process for gate dielectric fabrication. This w
a two-step process comprised of~i! a plasma oxidation of a

a!Electronic mail: gerry_lucovsky@ncsu.edu
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Si surface, which was covered by an approximately 1.0-n
thick native oxide, followed by~ii ! a plasma-assisted SiO2

deposition from O2 and SiH4 at 350 °C. The plasma-assiste
deposition was done in a capacivitely-coupled reactor
which the O2 and SiH4 source gases were heavily diluted
(.103:1) with He. The total pressure and radio-frequen
~rf! power density were respectively;1 Torr and
0.02– 0.04 W cm22. This process had one major drawba
relating to control of interface properties: the;1.0-nm-thick
native oxide was not removed prior to plasma processing
that the Si–SiO2 interface formed by the plasma oxidatio
step prior to film deposition requiredundercuttingthe native
oxide. This low temperature process is therefore similar
conventional thermal oxidation where native oxide layers
generally present at the time the Si wafers are inserted
the oxidation furnace. Devices fabricated from dielectr
formed in this way showed good electrical properties, de
onstrating the importance of forming the Si–SiO2 interface
prior to the bulk oxide deposition. Finally, this process w
not extended to include the incorporation nitrogen at
Si–SiO2 interface by either replacing the plasma-assis
oxidation with a plasma oxidation/nitridation step using
nitrogen containing oxidant, or by a postoxidation nitridati
process.

The SONY group24–27 deposited SiO2 films using a
parallel-plate plasma CVD reactor with mesh electrodes
270 °C for thin film transistor~TFT! applications. The oxide
thickness was 100 nm, and the interface formed during
plasma deposition step. The deposition rate w
6 nm min21 at rf power ~13.56 MHz! of 5 W. Sano
et al.26,27 found that annealing these SiO2 films in an H2O
vapor ambient at 270 °C for 30 min efficiently improved th
electrical properties, including reductions of the interfac
trap and fixed positive oxide charge densities. The key s
was the postoxide deposition anneal in H2O vapor. It is
likely that this H2O anneal oxidized the interface betwee
318517 „6…/3185/12/$15.00 ©1999 American Vacuum Society
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3186 H. Niimi and G. Lucovsky: Monolayer-level controlled incorporation of nitrogen 3186
the Si substrate and the plasma-deposited oxide film the
creating the final device interface, suggesting again that c
trolled interfacial oxidation is a crucial factor in improve
device performance.

Our research group at North Carolina State University
developed a remote plasma process for forming ultra
gate-dielectrics that has been designed to provide sep
and independent control of interface formation.17,18,28,29Ya-
suda et al.28,29 prepared device quality Si–SiO2 interfaces
and bulk oxide films by a three-step process:~i! low-
temperature~200–300 °C! remote plasma-assisted O2/He
oxidation of a hydrogen-terminated Si surface to form
Si–SiO2 interface~;0.5–0.6 nm of SiO2) followed by ~ii ! a
SiO2 bulk film deposition by remote plasma-enhanc
chemical vapor deposition~RPECVD! and finally~iii ! a low-
temperature~400 °C! postdeposition anneal to reduce the O
concentration in the bulk oxide film. This process seque
was shown to yield aseparate and independentcontrol of
interface formation and bulk film deposition, representing
improvement over the process of Brightet al.23 The three
step process of Yasudaet al. was applied to capacitors, an
demonstrated densities of interface defects,D it , at midgap
determined from capacitance–voltage~C–V! measurements
in the low 1010 cm22 range.28 Leeet al.17,18demonstrated an
alternative low-thermal budget three-step ultrathin oxide
electrics with nitrided interfaces:~i! an N2O/He remotely
activated plasma oxidation/nitridation of the Si surface
form and nitrided Si–SiO2 interface ~;0.5–0.6-nm-thick
SiO2! followed by ~ii ! a bulk oxide deposition by RPECVD
and then~iii ! a postoxide deposition rapid thermal anneal
900 °C for 30 s. The interfacial nitrogen, at a level of a
proximately one monolayer (;731014 cm22) increased the
resistance to peak transconductance degradation after
carrier stressing ofn-channel MOSFETs with oxide thick
nesses;5.5 nm by about a factor of 5 with respect to d
vices with oxide gate dielectrics and no interfa
nitridation.18

In this article, we demonstrate three different ways to
corporate the nitrogen at the Si–SiO2 interface designated
hereafter as processes I–III:~i! process I: an O2/He 300 °C
plasma oxidation of the Si surface followed by an N2/He
plasma nitridation,~ii ! process II: an N2/He 300 °C plasma
nitridation of the Si surface, and~iii ! process III: a Si3N4

300 °C RPECVD direct deposition onto the Si surface. Af
each of these interface formation steps, SiO2 films are depos-
ited by RPECVD at 300 °C, and the stacked dielectric
annealed at 900 °C in an inert nonoxidzing ambient to co
plete the dielectric formation process. Using these te
niques, we demonstrateseparate and independentcontrol of
the oxide thickness and the amount of nitrogen incorpora
at the Si–SiO2 interface; however, only process I yield
device–quality interfaces.

II. EXPERIMENTAL PROCEDURES

A. Processing system

Process steps were performed in a multicham
ultrahigh-vacuum~UHV! system, which is shown in Fig. 1
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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and contains:~i! a load-lock chamber,~ii ! a remote plasma
processing chamber for oxidation, nitridation, and bulk fi
deposition,~iii ! a rapid thermal annealing~RTA! chamber,
~iv! a buffer chamber, and~v! a surface analysis chambe
with Auger electron spectroscopy~AES!. Remote plasma
processing30 offers wide range process capabilities for d
electric applications; oxidation, nitridation, and oxide, nitrid
and oxynitride alloy deposition~see Fig. 2!. There are two
ways to implement remote plasma processing;~i! ‘‘UP’’
stream processes in which all process gases go through
plasma tube and are remotely excited by the rf plasma, e
O2/He for oxidation of Si surfaces and N2/He plasma nitri-
dation of Si surfaces and~ii ! ‘‘DOWN’’ stream processes in
which one, or more of the process gases is injected fro

FIG. 1. Process sequence for two-step interface formation~process I!: ~i!
O2/He plasma oxidation of Si surface followed by~ii ! N2/He plasma nitri-
dation at 0.3 Torr,~iii ! bulk SiO2 film deposition, and~iv! postoxide depo-
sition anneal.

FIG. 2. Top-view of UHV multichamber system:~i! load lock, ~ii ! remote
plasma processing,~iii ! rapid thermal annealing,~iv! surface analysis, and
~v! buffer chambers.
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gas dispersal ring, and therefore are not directly excited
the remote plasma, e.g., SiO2 deposition and Si3N4 deposi-
tion processes in which SiH4 is injected through the down
stream dispersal ring.

The Si~100! substrates used in these studies were prep
by first growing 10 nm of sacrificial oxide on a chemical
clean and HF rinsed surface. This was accomplished by
oxidation in O2 at 900 °C. Prior to the different nitridation
processing steps described below, the sacrificial oxide
removed by rinsing in dilute HF before loading into the sy
tem described in Sec. II A.

B. Nitridation processings

1. Process I: O 2/He plasma oxidation of Si followed
by N 2/He plasma nitridation

This process for incorporation nitrogen at the Si–Si2

interface includes two plasma processing steps performe
a substrate temperature of 300 °C:~i! a remotely plasma-
assisted O2/He oxidation of the Si surface at 300 °C to for
a ;0.5–0.6-nm-thick superficial oxide, followed by~ii ! a
remotely activated N2/He plasma nitridation to incorporat
the nitrogen atoms at the Si–SiO2 interface. Figure 1 illus-
trates this process sequence for interface nitridation. The
dation~the first step! creates a device quality Si–SiO2 inter-
face and grows;0.6 nm of SiO2, and the nitridation~the
second step! controls the degree of nitrogen at the Si–SiO2

interface by varying the N2/He plasma exposure time. Fo
the oxidation process, an O2/He mixture with flow rates of
20 sccm for O2 and 200 sccm for He is injected through th
plasma excitation tube of the processing system~UP stream!.
The process pressure and rf power at 13.56 MHz were
Torr and 30 W, respectively. For the nitridation process,
N2/He discharge was initiated using flows of 60 sccm N2 and
160 sccm He; the process pressure was 0.3 Torr; the rf po
was 30 W. The bulk SiO2 layer was formed by RPECVD
with 2%-SiH4 in He and O2/He gas mixtures as the respe
tive source gases for Si and O. The O2/He mixture was in-
jected through the rf plasma region, but the SiH4 gas was
injected DOWN stream through a showerhead dispersal
outside of the plasma excitation region. The gas flow ra
and process pressure were adjusted to prevent back str
ing of the SiH4 into the plasma generation region of th
reactor. The gas flow ratios for O2, He, and 2%-SiH4 in He
were, respectively, 20, 200, and 10 sccm. Postoxide dep
tion annealing was performed in the on-line rapid therm
annealing~RTA! chamber at 0.3 Torr at 900 °C for 30 s in
He ambient. The postoxide deposition anneal reduces ch
cal and structural strain in the bulk film and at the Si–Si2

interface.31,32 This process sequence can be characterize
an ‘‘oxide first’’ process, whereas processes II and III a
each ‘‘nitride first’’ processes.

2. Process II: N 2/He plasma nitridation of Si

This nitride first process sequence uses the second, t
and fourth steps that have been described in the prece
section to achieve a nitrided interface; i.e., the N2/He
plasma-assisted nitridation at 300 °C, bulk SiO2 deposition
JVST A - Vacuum, Surfaces, and Films
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at 300 °C, and RTA at 900 °C. Specifically, this process i
remote plasma nitridation of the Si surface, and does
involve an oxidation step prior to the nitridation.

3. Process III: Si 3N4 film deposition on Si

A third way to confine nitrogen at the Si–SiO2 interface is
two-step nitride first deposition process sequence:~i! a thin
Si3N4 deposition by RPECVD directly onto the Si substra
followed by~ii ! a bulk SiO2 deposition by RPECVD onto the
deposited nitride interfacial layer~Fig. 3!. Both process tem-
peratures were 300 °C. For the Si3N4 deposition,33 the flow
rates for N2, He, and 2%-SiH4 in He were 60, 200, and 10
sccm, respectively. For the SiO2 deposition, the flow rates
for O2, He, and 2%-SiH4 in He were 20, 200, and 10 sccm
respectively. As in process II, the 2%-SiH4 in He was in-
jected DOWN stream from the plasma region through
showerhead injector, and the other process gases wer
jected UP stream through the plasma tube and subjecte
direct plasma excitations. Both depositions were perform
at an rf power of 30 W. The process pressures were 0.2
0.3 Torr, for the Si3N4 and SiO2 depositions, respectively
Postdeposition annealing was carried out in the on-line R
chamber at 900 °C at 0.3 Torr for 30 s in He ambient.

C. Interface analysis

The substrates used in these studies were 50-mm-d
n-type ~phosphorus doped! Si~100! with a resistivity of
0.02–0.045V cm (;531017 cm23). For each of the pro-
cesses discussed below the Si substrate preparation wa
same. After a conventional wet chemical RCA clean, a
nm-thick sacrificial oxide was grown in dry O2 in a conven-
tional thermal furnace at 900 °C. Immediately before load
the sample into the multichamber processing system, the
rificial oxide was removed by etching in a dilute HF~1 wt %!
solution, rinsed in a running distilled~DI! water for 20 s, and
then dried in flowing N2.

AES was performed in the on-line analysis chamber
the multichamber system to quantify the initial stages
oxidation/nitridation of the Si surface using a 3 keV electron
beam. Secondary ion mass spectrometry~SIMS! analyses

FIG. 3. Cross-sectional view of remote plasma processing chamber
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were done at Evans East, NJ, using CsN1 ions for depth
profiling of the interfacial nitrogen. Nuclear reaction analy
~NRA! was carried out at the IBM T.J. Watson Resea
Center, NY, for nitrogen concentration calibration.34

D. Device fabrication and electrical characterization

For device fabrication and electrical characterization st
ies, the substrates were 50-mm-diam phosphorus-do
n-type Si~100! with a resistivity of 0.02–0.045V cm (;5
31017 cm23) and boron-dopedp-type Si~100! with a resis-
tivity of 0.05–0.07 V cm (;531017 cm23). The use of
heavily doped Si wafers reduces spreading resistance
thereby minimizes parasitic series resistance, and accom
nying voltage drops in the bulk Si. MOS capacitors with fie
oxide isolation structures were made on Si~100! wafers using
conventional photolithography processes. All devices stud
have an area of 1024 cm22, i.e., the linear dimensions o
these devices were 100mm by 100mm.

For the electrical characterization,~i! gate currents or cur
rent density versus gate voltages~I –V or J–V! characteris-
tics and~ii ! capacitance versus gate voltage~C–V! charac-
teristics were measured. TheC–V measurements were use
to determine an equivalent oxide thickness, and to estim
densities of interfacial defects, both interface traps,D it , and
fixed positive charge. For theI –V or J–V measurements
the gate electrode was biased positively~substrate injection
mode! for the n-type Si in order to maintain the substrate
an accumulation state.

III. RESULTS

A. Process I: O 2/He plasma oxidation of Si followed
by N2/He plasma nitridation

Interfacial oxidation/nitridation of the Si surface produc
a device quality interface using O2/He remote plasma oxida
tion process28 and then incorporates nitrogen at the Si–Si2

interface using the N2/He remote plasma nitridation at 0.
Torr. The first step, O2/He plasma-assisted oxidation proce
has three functions; it~i! removes carbon contaminatio
from the Si surface,17,28 ~ii ! creates a device quality Si–SiO2

interface, and~iii ! grows;0.5–0.6 nm of SiO2 as shown in
Fig. 4. Figure 4~i! shows a differential AES spectrum from
the Si substrate after the RCA clean, that reveals an;0.7-
nm-thick chemical oxide and carbon contamination~CKLL

feature at;272 eV! on the Si. This chemical oxide wa
removed using a 1 weight~wt! % HF:H2O solution, which
did not completely remove the carbon contamination,
Fig. 4 ~ii !. Additionally, the carbon contamination did no
disappear following heating to 300 °C in the UHV
compatible chamber as shown in Fig. 4~iii !. However as
shown in Fig. 4~iv!, the O2/He plasma reduced the carbo
contamination level, consistent with the results presente
Refs. 17 and 28. If residual carbon was at the Si–SiO2 inter-
face at a level.;0.5 at. %, then it would be observable b
AES since the oxide thickness of;0.5 nm is less than the
electron escape depth of the electrons associated with
CLVV Auger feature~;1 nm!. Therefore it is concluded tha
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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the O2/He plasma removed carbon contamination from the
surface~Si–SiO2 interface! to the level of AES detection
limit, ;0.5 at. %, and formed a superficial SiO2 layer on the
Si.

The second step, N2/He plasma nitridation of the superfi
cial oxide was studied using on-line AES. Figure 5 sho
differential AES spectra for~i! 15 s O2/He plasma oxidation
of the Si surface followed by~ii !–~v! N2/He plasma nitrida-
tion treatments ranging from 30 to 120 s. The incorporat
of nitrogen atoms is reflected in the evolution of NKLL AES
peak at;379 eV. The intensity of NKLL increased monotoni-
cally as the exposure time to the N2/He plasma postoxidation
treatment was increased. This demonstrated that longer

FIG. 4. On-line differential AES spectra of Si surfaces after~i! RCA clean,
~ii ! rinse in 1 wt % of HF,~iii ! 300 °C heating for 10 min in UHV system
and ~iv! a 5 s O2/He plasma oxidation of Si surface. The electron bea
energy was 3 keV.

FIG. 5. On-line AES spectra using a 3 keV electron beam. Differentia
spectra are after~i! a 15 s O2/He plasma oxidation of Si surface followed b
~ii !–~v! N2/He plasma nitridation of the superficial oxide for 30, 60, 90, a
120 s, respectively.
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posure times resulted in increased nitrogen incorporation
ther at the Si–SiO2 interface or in the bulk of;0.6-nm-thick
oxide layer.

The following experiments established that the nitrog
incorporation was at the Si–SiO2 interface; i.e., at the met
allurgical boundary between the Si substrate and the S2

layer. The top AES trace in Fig. 6~sample A! is after 15 s
O2/He plasma oxidation of the Si surface which formed
;0.6-nm-thick oxide. There is no detectable NKLL feature at
;379 eV. Following the 60 s N2/He plasma exposure pro
duced a weak NKLL feature as is evident in the middle AE
trace in Fig. 6~sample B!. The wafer was then removed from
the UHV system, etched in a very dilute HF~0.5 wt %! to
remove most of the thin oxide layer. The sample was re
serted into the UHV system, annealed in He at 900 °C for
s in the on-line RTA module, and then analyzed again us
the on-line AES. The AES spectrum is shown in the bott
trace of Fig. 6~sample C!. A comparison between the Si–O
~at ;76 eV! and Si–Si~at ;91 eV! traces of the SiLVV AES
spectra between the middle and lower traces of Fig. 6 sh
the oxide thickness is significantly reduced by theex situHF
etching from;0.6 nm to less than 0.4 nm; however, th
weak NKLL feature remains almost unchanged. This est
lishes that the post oxidation nitridation processing int
duces nitrogen atoms at the Si–SiO2 interface.

SIMS analyses have been used to quantify the nitro
content at the interface. Four samples with different nitrid
tion times from 30 to 120 s were studied. Each sample w
subjected to~i! 15 s O2/He plasma oxidation followed by
interface nitridation,~ii ! bulk oxide deposition by RPECVD
~;7.0 nm thick! followed by ~iii ! on-line 900 °C postoxide
deposition anneal. Based on a standard reference samp
Evans East, NJ, the interfacial nitrogen concentration~areal
density! has been determined by integration of the SIM
depth profile. This demonstrated that the 90 s N2/He nitrida-
tion incorporated approximately one monolayer of nitrog

FIG. 6. On-line differential AES spectra using a 3 keV electron beam. Dif-
ferential spectra are after~i! a 15 s O2/He plasma oxidation of Si surface
~sample A! followed by ~ii ! 60 s N2/He plasma postoxidation nitridation
~sample B!, and~iii ! ex situHF dip and on-line RTA at 900 °C~sample C!.
JVST A - Vacuum, Surfaces, and Films
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(;76131014 cm22) at the interface. NRA studies sup
ported the SIMS analysis and data reduction by showing
the 90 s N2/He plasma nitrogen process incorporated;8.4
6131014 cm22 nitrogen atoms at the interface.34 Figure 7
presents the normalized integrated areal densities with
spect to the 90 s nitridation data as a function of nitridat
time, which show interfacial nitrogen concentration i
creased linearly with nitrogen plasma exposure time.

This interfacial nitridation process has been used in
fabrication of MOS capacitors with thickness range from 4
~FN tunneling region! down to 2.0 nm thick~direct tunneling
region! on n-Si~100! substrates using aluminum~Al ! gate
electrodes. Figure 6 includes a series ofJ–V traces for de-
vices with Al gate electrodes and a 4.5-nm-thick gate ox
on n-Si~100! wafers. The gate electrode was biased po
tively so that gate current flowed from the substrate to
gate electrode in the so-calledsubstrate injectionmode. The
sequence of traces in this figure demonstrates the effec
the interfacial nitrogen is to reduce the tunneling current
the FN region~Fig. 8!. This reduction is not due to an oxid
thickness change and/or a flat band voltage shift that res
from incorporation of nitrogen at the Si–SiO2 interface. Fig-
ure 9 displays that high frequency and quasistaticC–V mea-
surements for devices fabricated:~i! without interface nitri-
dation, and ~ii ! with the 90 s N2/He plasma nitridation
processes. The twoC–V curves were essentially identica
This means that the effective oxide thickness and flat b
voltage are the same with and without the interfacial nit
gen. Therefore, the leakage current reductions in the FN
gion are not due to differences in the oxide thickness or
band voltage shifts. In this regard, it is important to note t
interfacial nitridation would not change the physical thic
ness of the dielectrics by more than 0.1 nm, which falls w
in the uncertainty of the capacitance determination of ox
equivalent dielectric thickness. A model calculation show
that a 0.1 nm difference in physical thickness cannot acco

FIG. 7. Normalized areal density determined from SIMS data with respec
the 90 s nitridation as a function of nitridation time. One monolayer
nitrogen (;76131014 cm22) was achieved at an exposure time of 90 s
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3190 H. Niimi and G. Lucovsky: Monolayer-level controlled incorporation of nitrogen 3190
for the differences in current between the first and last t
traces in Fig. 4. In addition, the positions of the flat ba
voltage, with respect to each other, as well as their abso
positions are consistent with fixed positive charge densi
,1011 cm22, independent of the interface nitridation.

B. Process II: N 2/He plasma nitridation of Si

This is a direct nitridation of the Si surface using a r
motely activated N2/He plasma. Figure 10 shows initia
stages of the N2/He plasma nitridation of the Si surface a
studied by on-line AES. The oxygen AES features~at ;510
eV! was not observed. The oxygen contamination was w

FIG. 8. Substrate injection mode~gate-electrode biased positively! J–V
traces for devices with 4.5-nm-thick gate oxides onn-Si~100!. These traces
demonstrate the effect of increasing interfacial nitrogen up the one m
layer level in reducing tunnel currents in the FN regime. The gate elect
was Al.

FIG. 9. High-frequency~1 MHz! and quasistaticC–V measurements of
devices in Fig. 8 with~i! without nitridation~no nitrogen at interface!, and
~ii ! with a 90 s nitridation process. The gate electrode was Al.
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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below the AES detection limit~;0.5 at. %!. However, a car-
bon AES feature at;272 eV was observed. This mean
unlike the O2/He plasma process, the N2/He plasma nitrida-
tion was not effective in removing carbon contaminati
from the Si surface, see Fig. 5 for this comparison.

Using this AES intensity ratio and the following equatio
we can then estimate a thickness of nitrided layer on the
surface:

tSiN5l lnS 11
I° Si–Si

I° Si–N

ISi–N

ISi–Si
D , ~1!

where,tSiN5nitride thickness~nm!, l5electron escape dept
~attenuation length!; ;0.6 nm, I Si–N

o 5Si–N signal from a
thick Si3 N4 surface~reference sample!, I °Si-Si5Si-Si signal
from a clean Si surface~reference sample!, I Si–Si5SiLVV sub-
strate signal at;91 eV from a thin nitride on the Si and
I Si–N5SiLVV nitrogen shifted signal at;83 eV from a thin
nitride on the Si. Figure 11 shows the thickness of the nitr
layer, tSiN , as a function of nitridation time. The nitridatio
rate is initially fast and then tends to saturate. This indica
that the thin nitrided layer on the Si prevents the furth
nitridation of the Si surface so that the process is in eff
self-limiting. The nitride thickness is fit by the following
relationship for first-order reaction kinetics:

tSiN50.69$12exp~20.011tN!% ~nm!, ~2!

where,tSiN5nitride thickness~nm! and tN5nitridation time
~min!. The prefactor term~in nm! is equivalent to approxi-
mately 1.5 molecular layers of Si3N4, and the exponentia
prefactor term, 0.011~in min! is the inverse of the effective
rate constant for the formation of the nitride layer. This
first-order kinetics suggests that the nitridation process sl
down considerably after about one to two monolayers
nitride are formed on the Si substrate.

We have analyzed the SIMS data to determine the in
facial nitrogen areal density. We prepared four samples w

o-
e

FIG. 10. On-line differential AES spectra using a 3 keV electron beam
following N2/He plasma nitridation of a Si surface for~i! 30, ~ii ! 60, ~iii ! 90,
and~iv! 120 s. This is for adirect nitridation of Si surface using aremotely
activated N2/He plasma.
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3191 H. Niimi and G. Lucovsky: Monolayer-level controlled incorporation of nitrogen 3191
different N2/He plasma nitridation times from 30 to 120
and completed the test structures with the REPCVD dep
tion of ;7.0-nm-thick bulk oxide film followed by 900 °C
postoxide deposition on-line anneal in an inert ambient. F
ure 12 displays the nitrogen SIMS depth profile using Cs1

ions which shows that as the N2/He plasma exposure tim
was increased, the peak concentration of nitrogen at
Si–SiO2 interface was increased. Using this SIMS data a
the standard sample at Evans East, NJ, the equivalent
density of nitrogen atoms at the interface is calculated. F
ure 13 compares the areal density of~i! process II, the direct
N2/He plasma nitridation of the Si surface for 30–120 s a
~ii ! process I, the two-step interface formation, the O2/He
plasma oxidation of the Si surface followed by the N2/He
plasma nitridation for 45 and 90 s data. For the process

FIG. 11. Thickness of the nitrided layer in Fig. 10 as a function of N2/He
plasma exposure time.

FIG. 12. SIMS depth profiles of four different interfacial nitridation time
~i! 30, ~ii ! 60, ~iii ! 90, and~iv! 120 s. Total oxide thickness was;6 nm. The
secondary ions for SIMS detection were CsN1.
JVST A - Vacuum, Surfaces, and Films
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have designated as process I, i.e., the two-step interface
cess, the areal density increased linearly with nitridation ti
~see Fig. 7!, whereas for the direct N2/He nitridation of the
Si, the process we have designated as process II, the nitr
areal density at the interface exhibited a saturation beha
due to a self-limiting process for nitride layer growth. Th
interfacial nitrogen incorporation of the direct nitridatio
process~process II! is faster and incorporates more nitroge
initially than the two-step interface formation process~pro-
cess I!, and then tends to saturate after the formation of ab
one to two monolayers are formed.

We have fabricated the MOS capacitors for the electri
characterization of this direct interfacial nitridation proces
ing. The test devices structures were prepared in the foll
ing way: test device~i!: O2/He plasma oxidation of the Si1
RPECVD SiO2 deposition from O2/He and SiH4, test device
~ii !: 30 s N2/He nitridation of the Si1RPECVD SiO2 from
O2/He and SiH4 and test device~iii !: 90 s N2/He nitridation
of the Si1RPECVD SiO2 from O2/He and SiH4. The total
equivalent oxide thickness, as determined fromC–V mea-
surements, was 3.860.1 nm for all samples. All sample
were subjected to on-line postoxide deposition annea
900 °C at 0.3 Torr for 30 s in He ambient.

Similar to the two-step interface formation~process I!,
which was demonstrated to reduce tunneling in the FN
gime ~see Fig. 8!, a reduction of tunnel current in the FN
regime was also observed for the devices with the nitrid
interfaces. Figure 14 displays current density plotted as fu
tion of gate voltage for~i! no nitrogen atoms at the Si–SiO2

interface, ~ii ! ;1.131015 cm22 nitrogen in the interfacial
nitride layer, and~iii ! ;1.631015 cm22 nitrogen in the in-
terfacial nitride layer. However, as more nitrogen was inc
porated in the interfacial layer, there was a large flat ba
voltage shift in the negative direction, as determined fro
C–V data. Figure 15 shows the flat band voltage for~i! a
reference oxide sample with no nitrogen at the interface,

FIG. 13. Comparisons of areal density from SIMS data vs time for~i! N2/He
plasma nitridation of Si surface~process II! and ~ii ! two-step interface for-
mation process of O2/He plasma oxidation of Si surface followed by N2/He
plasma nitridation~process I!.
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3192 H. Niimi and G. Lucovsky: Monolayer-level controlled incorporation of nitrogen 3192
for two samples with interface nitridation time of~ii ! 30 s
and~iii ! and 90 s. Figure 16 replots the FN region tunneli
currents versus gate voltage minus flat band voltageVg

2Vfb). Although some reduction in FN tunneling curre
was observed as function of increasing (Vg2Vfb), the reduc-
tions of tunneling current for this direct nitridation proce
were not as large as compared with those of the two-s
interface formation process~process I!.

C. Process III: Si 3N4 film deposition directly onto Si

The third technique for interfacial nitridation is a dire
deposition by 300 °C RPECVD of a Si3N4 film onto the Si
surface. Figure 17 shows AES traces for initial stages

FIG. 14. Substrate injection mode~gate-electrode biased positively! J–V
traces for 3.8-nm-thick gate oxide onn-Si~100!. These are plotted as
function of gate voltage. These traces demonstrate the effects of interf
nitrogen reducing tunnel currents in the FN region. The gate electrode
Al.

FIG. 15. Flat band voltage shift as a function of interfacial nitridation tim
The flat band voltage was determined by analysis of high frequencyC–V
date. The gate electrode was Al.
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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Si3N4 deposition on the Si surface. Similar to the dire
N2/He plasma nitridation of the Si surface~process II!, the
Si3N4 deposition process was not effective in removing c
bon contamination from the Si surface as evidenced by
CKLL AES feature is at;272 eV. After a 180 s deposition
the CKLL Auger signal was no longer observed; however, t
is attributed to the carbon being buried at the Si3N4/Si inter-
face. As shown in Fig. 17, after 180 s of deposition, t
nitride layer thickness was larger than the AES electron
cape depth for electrons from the SiLVV transitions. In addi-
tion, the signal associated with CKLL AES electrons was sig
nificantly attenuated. Using these Auger intensities and
~1!, the nitride layer thickness has been determined. Fig
18 illustrates that the nitride thickness increased as lin

ial
as

.

FIG. 16. J vs (Vg2Vfb) traces in the substrate injection mode for devic
with for ~i! no nitrogen at interface,~ii ! 30 s and~iii ! 90 s direct interfacial
nitridation interfacial nitridation. The equivalent oxide~electrical! thickness
was 3.8 nm for all three samples. Gate electrode was Al.

FIG. 17. On-line differential AES spectra using a 3 keV electron beam. The
spectra are Si3N4 thin film depositions onto a Si surface. Deposition tim
were ~i! 30, ~ii ! 60, ~iii ! 90, and~iv! 180 s.
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3193 H. Niimi and G. Lucovsky: Monolayer-level controlled incorporation of nitrogen 3193
function deposition time as expected for deposition proce
The thickness of one molecular Si3N4 is approximately 0.42
nm, as estimated from the density of Si3N4, so that a 60 s
deposition forms approximately 1.4 molecular layers of s
con nitride.

MOS capacitors were fabricated and used for electr
characterization. The test devices included the following
electric structures: test device~i!: O2/He plasma oxidation of
the Si1300 °C RPECVD SiO2 deposition from O2/He and
SiH4, test device~ii !: ;one molecular layer of deposite
Si3N4 ~;0.4 nm! on the Si1300 °C RPECVD SiO2 from
O2/He and SiH4 and test device~iii !: ;two molecular layers
Si3N4 ~;0.8 nm! on the Si1300 °C RPECVD SiO2 from
O2/He and SiH4. All of the stacked dielectrics were anneale
at 900 °C at 0.3 Torr for 30 s in He in the on-line RT
chamber. The total ‘‘equivalent’’ oxide thickness was ma
tained ;4.360.1 nm for all samples as determined fro
C–V measurements. This was achieved by systematic
varying the thickness of the deposited oxide layers. Assu
ing that the dielectric constant of the nitride layer is appro
mately twice that as SiO2, this means that the nomina
‘‘physical’’ thicknesses of the dielectric layers in these d
vices were: test device~i! 4.3 nm, test device~ii ! 4.5 nm, and
test device~iii ! 4.7 nm. The deposition time for the SiO2 was
adjusted to compensate for the nitride layer thickness, so
test device~iii ! had the shortest SiO2 deposition time.

Figure 19 shows high-frequencyC–V traces for the three
samples in both sweep directions, i.e., from accumulation
depletion and back to accumulation. Due to the fast swe
ing gate bias, theC–V traces exhibited a deep depletio
effect. The depletion layer width becomes wider than in th
mal equilibrium and the capacitance decreases below its t
mal equilibrium saturation value.35,36 No hysteresis effects
were observed in the steep part of theC–V trace, indicating
a relative low density of slow oxide or interface traps. Ho
ever, we did observe a large negative flat band voltage s
that increased with increasing interfacial Si3N4 layer thick-

FIG. 18. Thickness of deposited nitride layer in Fig. 17 as a function
deposition time.
JVST A - Vacuum, Surfaces, and Films
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ness. Figure 20 plots the flat band voltage as a function of
thickness of the interfacial Si3N4 layer. The 0.4- and 0.8-nm
thick Si3N4 layers correspond respectively to approximate
one- and two-molecular layers of Si3N4 at the interface. Un-
like the two-step interfacial oxidation/nitridation~process I!,
the interfacial deposited Si3N4 layer produced a large fla
band voltage shift indicating a high density of fixed positi
charge,;1012 cm22.

Reductions in tunnel current were also observed wh
one- to two-molecular layers of Si3N4 were interposed be
tween the Si substrate and the deposited thick SiO2. Figure
21 shows current density versus gate voltage-flat band v
age traces for the three test devices identified above with
oxide equivalent thickness of 4.360.1 nm as determined

f FIG. 19. High-frequency~1 MHz! C–V traces~in both directions! for de-
vices with~i! no nitrogen,~ii ! one and~iii ! two molecular layers of Si3N4 at
the interface. The equivalent oxide~electrical! thickness was 4.3 nm for al
samples. The gate electrode was Al, and the arrows indicate the sw
directions.

FIG. 20. Flat band voltage shift as a function of interfacial nitride thickne
for the devices in Fig. 19. The flat band voltage was determined by ana
of high frequencyC–V data. The gate electrode was Al.
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3194 H. Niimi and G. Lucovsky: Monolayer-level controlled incorporation of nitrogen 3194
from accumulation bias capacitance. The tunneling curren
Fig. 21 decreased as thickness of Si3N4 layer at the interface
increased. When we plotted the current density versus
voltage minus the flat band voltage (Vg2Vfb), the leakage
current reduction was more pronounced than for proces
compare Figs. 8 and 21. However, it is difficult to ma
direct quantitative comparisons between theJ–V traces for
the two interface nitridation processes discussed above
particular even though the reductions inJ with increasing
nitridation are comparable, the areal densities of nitrog
atoms differ by factors of approximately ten for the 0.4-n
thick nitride film and twenty for the 0.8-nm-thick nitride film
when compared to the monolayer nitridation of process I

Finally, Fig. 22 displays high frequency and quasista
C–V traces for the same three test devices of this sect
Interfacial nitridation via Si3N4 deposition reduced the tun
neling currents but the interfacial defect density increa
significantly,D it levels determined by conventional analys
of high frequency and quasistaticC–V traces, increased
from the mid 1010 cm22 range for the devices fabricated b
process I, to more than 1531011 cm22 for the devices with
deposited nitride layers shown in Fig. 22. Fixed posit
charge, determined by shifts of theC–V traces to more
negative voltages increased by more than an order of m
nitude into the 1012 cm22 range. This increased density o
interface state has been shown to effect the channel mo
ties in both n- and p-channel MOSFET devices.37,38 In
particular Misraet al.37 have shown that peak values of ele
tron mobility are reduced by a factor of 2 in then-channel
MOSFET’s, whereas peak values of the hole mobility a
reduced by more than a factor of 10–20 inp-channel MOS-
FETs. These results indicate that charged defects assoc
with direct deposition of Si3N4 onto Si are associated wit
donor-like defects that reside in the lower half of the silic
band gap.

FIG. 21. J vs (Vg2Vfb) traces in the substrate injection mode for devices
Fig. 19 with ~i! no nitrogen at the interface, and~ii ! one and~iii ! two
molecular layers of Si3N4 at interface. The equivalent oxide~electrical!
thickness was 4.3 nm for all samples. The gate electrode was Al.
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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IV. DISCUSSION

We have investigated three different ways of incorpor
ing nitrogen at the Si-dielectric interface: process~I! O2/He
plasma oxidation of the Si surface followed by the N2/He
plasma nitridation, process~II ! N2/He plasma nitridation of
the Si surface, and process~III ! Si3N4 film deposition on the
Si surface. Based on significant negative shifts of the
band voltage that increased as the nitrogen incorporatio
the interface increased, we have demonstrated the proce
labeled~II ! and ~III ! degraded device performance throu
the development of large densities of fixed positive charge
the dielectric in the immediate vicinity of the Si-dielectr
interface. All three processes resulted in decreases in
tunneling current, however, the shifts in flat band voltage,
well as increases in interfacial defects,D it , render processe
~II ! and ~III ! useless for advanced device structures.

It is necessary to explain why postoxidation, interface
tridation of process~I! and the direct oxidation/nitridation
using N2O,18 each of which incorporates monolayer levels
nitrogen at the interface improve device performance a
reliability, whereas higher concentrations of nitrogen as
processes~II ! and ~III ! clearly degrade interface electrica
properties. The experiments reported in Refs. 37 and
have shown that the problem is not with the RPECVD fi
itself, since insertion of as little as 0.5 nm of SiO2 between
the Si substrate and the deposited nitride restores elect
performance and reliability to values comparable or exce
ing those of devices with optimized oxide dielectrics of t
same equivalent thickness.

Lucovsky and co-workers have found that the avera
bonding coordinationNav at the dielectric-Si interface is ke
to understanding the origin of interfacial defect generation39

Reference 39 has extended constraint theory, originally p
posed by Phillips40 to explain the ease of glass formation

f FIG. 22. High-frequency~1 MHz! and quasistaticC–V measurements for
devices in Fig. 19 with~i! no nitrogen,~ii ! one and~iii ! two molecular layers
of Si3N4 at interface. The equivalent oxide~electrical! thickness was 4.3 nm
for all samples. The gate electrode was Al.
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3195 H. Niimi and G. Lucovsky: Monolayer-level controlled incorporation of nitrogen 3195
materials such as As2S3, GeSe2, and SiO2, to the interface
between noncrystalline dielectrics and semiconductor. P
lips demonstrated that the condition for ideal glass format
corresponded to matching bonding constraints per atom
the context of valence forces to the netwo
dimensionality.40 This demonstrated that ideal random cov
lent networks, which form the basis for glass formation o
curred whenNav was in a range between 2.4 and 2.7.
extending the constraint theory formulation, Lucovskyet al.
focused on differences between interface nitridation to es
lish a link the relationship between average interfacial co
dination and defect properties.39 Results presented in Ref. 4
initially extended the Phillips theory40 bulk glasses to thin
films, suggesting that an average coordination per atom
approximately three separates device quality thin films fr
films with increasing defect densities. The results presen
in Ref. 39 confirmed thatNav;3 also provides a demarca
tion value between device quality and highly defective int
faces, with defect values of about 531010 cm22 defining this
boundary. Applying the model of Ref. 39, Table I includes
calculation of theNav for interfaces studied in this article
The interfaces that show excellent electronic propert
Si–SiO2, and monolayer nitrided Si–N–SiO2 formed by pro-
cess ~I!, have Nav values of 2.8 and 2.9, respectivel
whereas the interface formed by processes~II ! and~III !, have
values in excess of 3, consistent with the criterion develo
in Ref. 39. For completeness the table also demonstrates
the insertion of about one and a half molecular layers of S2

~;0.5–0.6 nm! yields a value ofNav,3 in accordance with
the significant improvement in electrical properties that h
been reported.37,38

V. CONCLUSIONS

We have demonstrated three different plasma-assiste
terface nitridation processes:~i! process I - O2/He plasma
oxidation of the Si surface followed by N2/He plasma nitri-
dation, ~ii ! process II - N2/He plasma nitridation of the S
surface, and~iii ! process III - deposition Si3N4 film on the Si
surface. Process I is an oxide-first process, while process
and III are both nitride first processes. For process I, the
step, the 300 °C remote plasma assisted O2/He oxidation of
the Si surface reduces significantly/removes carbon conta
nation, creates a device quality Si–SiO2 interface, and forms
;0.6 nm of SiO2 which served as a substrate for th
RPECVD deposition of dielectric films. The second step

TABLE I. Average bonding coordination,Nav , at Si-dielectric interfaces.

Si-dielectric interface system Average coordination (Nav)

Si–SiO2 ~1.5 molecular layers! 2.8
Si–Si3N4 ~1.5 molecular layers! 3.5
Si–Si3N4(t)-SiO2

t5nitride layer thickness t50.4 nm, 3.3
t50.8 nm, 3.4

Si–N~1.0 monolayer!-SiO2

~1.5 molecular layers!
2.9

Si–SiO2(t)-Si3N4 t50.5 nm, 2.9
*1.5 molecular layers of SiO2
JVST A - Vacuum, Surfaces, and Films
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300 °C remote plasma assisted N2/He plasma nitridation
controls the degree of the nitrogen incorporation at
Si–SiO2 interface. AES studies of etched back surfaces c
firmed the nitrogen was localized at the interface, and SI
and NRA analysis established that a 90 s plasma expo
time incorporated approximately one monolayer of inter
cial nitrogen (;76131014 cm22). This monolayer nitro-
gen incorporation reduced tunneling current direct42 and FN
and tunneling regimes.

Consider next process II, the direct nitridation of a
surface. Unlike process I, the direct nitridation of Si usi
N2/He plasma process did not remove carbon contamina
from the Si surface. Monitoring nitrogen content as a fun
tion of nitridation time by AES established that this interf
cial nitridation process was effectively self-limiting, slowin
down considerably after about two monolecular of nitri
formation. The nitridation process for the first molecul
layer was very fast, and in contrast to process I, it is m
difficult to control incorporation of nitrogen in the range e
tending up to about one monolayer. The electrical proper
of this interface as monitored byC–V measurements wer
degraded as indicated by flat band voltage shifts in the ne
tive direction that increased with increasing nitridation tim
In addition, reductions in tunneling current in the FN regim
were reduced with respect to those obtained with proces

Process III was the direct deposition by RPECVD
300 °C of Si3N4 onto the Si surface. This process also d
not remove carbon contamination. As in a typical CVD pr
cess, the amount of nitrogen, or equivalently, thickness
the nitrided layer, increased linearly with increasing depo
tion time. Similar to process II the Si–Si3N4 interface dis-
played a high defect density, as reflected in a large nega
flat band voltage shift. However, the reductions in tunnel
current as function of the voltage drop across the dielec
layer (Vg2Vfb) were comparable to those obtained wi
monolayer nitridation in process I.

Therefore, among the three interfacial nitridation pr
cesses, process I, the two-step interface formation pro
displayed the best electrical results. This was consistent w
the predictions of constraint theory as applied
crystalline-Si dielectric interfaces in Ref. 39.
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