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The transport of B atoms out ofp1 polycrystalline silicon~poly-Si! gate electrodes through SiO2

gate oxides to the Si–SiO2 interface during dopant activation anneals degrades performance and
reliability of hole-conducting~p-channel! field effect transistors. This article studies the suppression
of B atom transport by using remote plasma processing to form ultrathin Si3N4 and silicon
oxynitride diffusion barrier layers betweenp1 poly-Si gate electrodes and SiO2 gate dielectrics.
Suppression of B atom transport has been monitored through electrical measurements,
demonstrating that;0.8 nm of Si3N4, equivalent to a N areal density of;4.531015 atoms cm22,
is sufficient toeffectivelysuppress B out diffusion during aggressive anneals of;1 min at 1000 °C.
The suppression and transport mechanisms in nitrides, oxides, and oxynitrides have been studied by
varying the N atom areal density by alloying. Quantum chemistry calculations suggest that B
transport occurs through the formation of donor-acceptor pair bonds between B1 ions and
nonbonding electron pairs on oxygen atoms with the transport process requiring a connected O atom
percolationpathway. Donor-acceptor pair bonds with B1 ions are also formed with N atoms in
nitrides and oxynitride alloys, but with a binding energy more than 1.5 eV higher than B1 ion
O-atom bonds so that nitrides and oxynitride alloys effectively block B diffusion through the
formation of a deep trapping site. ©1999 American Vacuum Society.@S0734-211X~99!05104-5#
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I. INTRODUCTION

Aggressive scaling of complementary metal–oxid
semiconductor gate oxide thickness to below 2.0 nm for s
250 nm devices is necessary to maintain drive currents
improve short channel behavior in field effect transist
~FETs!. For p-channel devices withp1 poly-Si gate elec-
trodes, B transport through ultrathin gate oxides become
important issue for gate dielectric integrity. The out diffusi
of B and subsequent transport occur during the high temp
ture anneals (Tan.950 °C) required to activate B dopant a
oms implanted into poly-Si gate electrodes~Ref. 1, and ref-
erences therein!. The B diffusion process involves transpo
across thep1 poly-Si–SiO2 interface and through the thi
SiO2 gate oxides to the Si–SiO2 interface. An effective way
to suppress B atom transport out of thep1 poly-Si gate
electrodes is to interpose a dielectric barrier layer such
Si3N4, or an oxynitride alloy@(SiO2)x(Si3N4)12x# between
the SiO2 dielectric and the poly-Si gate electrode.2–4 In con-
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trast, the formation of oxynitride layers at the Si–SiO2 inter-
face leads to decreased reliability, since B can diffu
through the oxide layer and pile up at the Si–SiO2 interface.5

The diffusion of B through SiO2 has been studied exper
mentally and modeled~Ref. 1, and references therein!. In
addition, it has been shown by x-ray photoelectron spect
copy ~XPS! that B–O bonds are present in oxide films in
which B has diffused.6 Analysis of experimental B diffusion
data yields an activation energy for diffusion of;3.6 eV. It
was proposed in Ref. 1 that the B transport pathways
through peroxy~Si–O–O–Si! bonding defects. In the so
called peroxy linkage defect~PLD! controlled diffusion
model, B atoms insert into peroxy defect sites which prov
the transport pathway. The insertion reaction is given by

B1Si–O–O–Sĩ Si–O–B–O–Si, ~1!

where the Si–O–O–Si is theperoxy bonding defect. Fo
transport above the visco-elastic temperature of SiO2 of
;950– 1000 °C, bond breaking and network reorganizat
can readily occur; however, B diffusion has been studied
18137 „4…/1813/10/$15.00 ©1999 American Vacuum Society
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temperatures well below 950 °C, with no change in the
tivation energy or prefactor terms in the diffusion consta
down to temperatures as low as 800 °C. Additionally ther
no independent structural or spectroscopic evidence for
required concentrations of PLDs in thermally grown,
plasma deposited and annealed SiO2, or (SiO2)x(Si3N4)12x

alloy films. The experimental data presented in this arti
relating to B transport through oxynitride alloys suggests t
there is an alternative microscopic process that involves
motion of B1 ions by hopping between near-neighbor O
oms, and the blocking of boron transport by bonding of1

ions at N atoms that act as deep traps. In this respect,
diffusion process model proposed in this article parall
charged carrier transport via a trap controlled drift mobil
in the presence of deep trapping.7 There is one major differ-
ence, in electrical conduction process, an applied voltag
necessary, whereas in the diffusion process analog, the
ing force is an atomic concentration gradient. This arti
quantifies the effectiveness of both nitride and oxynitr
barrier layers prepared by remote plasma-assisted proc
ing.

Remote plasma processing and device fabrication are
cussed in Sec. II. Suppression of B atom transport has b
quantified in metal oxide semiconductor~MOS! devices pre-
pared by two different processing approaches:~i! by deposi-
tion of ultrathin nitride barrier layers by remote plasma e
hanced chemical vapor deposition~PECVD! at 300 °C,8 and
~ii ! by a 300 °C plasma-assisted top surface ox
nitridation.9 Both of these processes are followed by anne
ing at 900 °C prior to poly-Si deposition, B implantation an
dopant activation. The extent to which B atom transpor
suppressed has been studied in Sec. III by monitoring sh
in electrical properties using devices with oxide dielectrics
a control.10 These studies demonstrated that;0.8 nm of ni-
tride was sufficient tocompletelysuppress B atom out diffu
sion out ofp1 poly-Si gate electrodes as monitored elec
cally. To gain additional insights into the B transpo
process, experiments were performed in which B transp
was studied as a function of the oxide to nitride ratio
silicon oxynitride alloys. In one series of experiments d
cussed in Sec. IV, the thickness of the oxynitride layer w
fixed at;0.8 nm, and the alloy fraction of silicon dioxide s
at 30 and 70 at. %, reducing the areal density of N atoms
a second series of experiments the areal density of N at
was fixed at the same level as in an 0.8 nm nitride film, a
the thickness was increased by oxynitride alloy formation
Sec. V, a quantitative model for the B transport based o
quantum chemistry model is presented. The quantum ch
istry calculations are consistent with B transport throu
SiO2 and the oxynitride alloys occurring through the form
tion of donor-acceptor pair bonds between B1 ions and non-
bonding electrons pairs of the oxygen atoms. This trans
mechanism requires a connectedpercolation pathway of
oxygen atoms. The model calculations further demonst
B1 ion transport is blocked by N atoms in the nitride film
and oxynitride alloys through the formation of dono
acceptor pair bonds between B1 ions and the nonbond elec
J. Vac. Sci. Technol. B, Vol. 17, No. 4, Jul/Aug 1999
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tron pair on a nitrogen atom. The binding energy of the
B1–N atom bonds is more than 1.5 eV greater than tha
the B1–O atom bond, so that B1 ions are trapped at N atom
sites, effectively blocking transport at the annealing tempe
tures.

II. DEVICE FABRICATION BY REMOTE PLASMA
PROCESSING

Two different types of device structures were used
these studies,~i! p-channel FETs and MOS capacitors wi
dual layer oxide/nitride gate dielectrics in which nitride la
ers were formed by remote plasma deposition,8,11 and the
oxide layers were either thermally grown, or formed by r
mote plasma-assisted oxidation,12 and ~ii ! MOS capacitors
formed by remote plasma-assisted oxidation, nitridation,
oxide deposition processes in which the nitride blocking la
ers were formed by converting the top surface of the dep
ited oxide to an ultrathin nitride by a plasma-assisted ni
dation process.9,13

A. Deposition of nitride films

Two different remote plasma enhanced chemical va
deposition~RPECVD! processes have been used for depo
tion of bulk nitride films: one process used NH3 as the
N-atom source gas,11 and the other used N2.

8 Both processes
were performed at a process pressure of 300 mTorr an
temperature of 300 °C and resulted in films with as-depos
bonded hydrogen concentrations,@H#;20–30 at. %. Follow-
ing a 900 °C rapid thermal annealing~RTA! in an inert, non-
oxidizing ambient, the bonded hydrogen was reduced
about a factor of two to about 10–15 at. %.8,11,14–16Initial
evaluation of these nitride films was performed in devic
with tri-layer dielectrics in oxide–nitride–oxide stacks.11

Following the 900 °C anneal, the electrical performance
devices with these stacks, including interfacial and bulk
fects, were equivalent to those of devices with therma
grown oxides, and the reliability was improved with respe
to devices with thermally grown oxides.11 Since other studies
of n-channel FETs with stacked oxide/nitride gate dielectr
indicated no differences in performance or reliability for n
tride films prepared with NH3 and N2 source gases, the ni
tride films of this article utilized the N2 source gas process i
order to reduce their initial bonded H content.8,10

A secondary mass spectrometry~SIMS! depth profile
analysis was performed on a dual layer nitride/oxide diel
tric in which ;0.8 nm of Si3N4 was deposited on to 4.0 nm
of thermally grown SiO2 ~see Fig. 1!. The trailing of the
nitrogen signal into the oxide is a result of the SIMS analy
method. After annealing at 900 °C for 30 s, a distinct nitr
gen peak appears at the oxide/silicon interface, showing
N-atoms diffuse into the oxide, and pile up at the oxid
silicon interface during the anneal, so that the annealed
vices have a ‘‘NON’’ stacked structure. The concentration
N at the Si-dielectric interface is of the order of 2–5 at.
and is considerably less than has been achieved by
plasma nitridation process of Ref. 12~see Sec. III B and
Fig. 5!.
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B. Top surface nitridation

Top surface plasma-assisted nitridations were perform
with substrates at 300 °C on thermally grown and plasm
deposited SiO2 films in a thickness range from 2.5 to 10
nm.9,13 A remote He/N2 discharge was initiated at a proces
pressure of 100 mTorr~0.1 Torr! which allows the plasma
after glowto penetrate into the processing chamber. Follow
ing nitridation, RTA at 900 °C was performed on-line in
multichamber system at a pressure of 0.5 Torr in an Ar a
bient for a time of approximately 40 s. On-line Auger elec
tron spectroscopy was performed in the analysis chambe
intermediate stages of processing. Angle resolved XPS w
performedex situusing an AlKa x-ray source~1.486 keV!
in both normal ~detector at;80° with respect to sample
surface! and glancing-angle modes~detector at;20° with
respect to sample surface!. SIMS analyses were performed
ex situ using Cs1 ions, and detecting CsSi1, CsN1, and
CsO1 species for analysis.9,13 These experiments demon
strated that nitrogen atoms were bonded at the top surface
the oxide film, effectively converting that surface region t
either a nitrogen rich oxynitride alloy or an ultrathin nitride
layer ~see Fig. 2!. Test devices were prepared using a 20 m
plasma exposure time which formed a Si3N4 layer ;0.8 nm
thick on top of the underlying oxide film.17

C. Fabrication of p-channel FETs and capacitors

p-channel FETs withp1-poly-Si gate electrodes were
fabricated onn-type Si~100! substrates doped with phos
phorus to 531017 cm23. Some wafers were implanted with
phosphorous to increase the channel doping to 1.131018

cm23. Device processing was by standard lithography a
patterning techniques. After growing a field oxide and crea
ing wells for device fabrication, sacrificial thermal oxide
were grown at 800 °C, annealed at 900 °C, and removed
rinsing in dilute HF prior to growth of gate oxide layers
Bottom oxides were grown by either~i! thermal oxidation in

FIG. 1. Nitrogen depth profile determined by SIMS analysis for a nitrid
oxide ~;0.8 nm/4.0 nm! dual layer gate dielectric before and after a 900 °
post-deposition RTA.
JVST B - Microelectronics and Nanometer Structures
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oxygen with 4.5% HCl at 800 °C for thicknesses of 1.5–4
nm, or ~ii ! remote plasma oxidation in N2O at 300 °C to an
approximate 0.6 nm thickness. This was followed
RPECVD nitride depositions in a range from;0.2 to ;2.4
nm.18 Boron was implanted into poly-Si gate electrodes d
posited by conventional CVD, and into the source and dr
regions of the device structure at energy of 20 MeV to a le
of 531015/cm2. This was followed by the deposition of 20
nm of a low temperature CVD oxide to prevent the bor
out-diffusion during dopant activation anneals. The anne
ranged from 950 to 1000 °C for 1 min. After deposition a
patterning of Al for gate, source and drain contacts, a c
ventional 30 min post metallization anneal in forming g
(N2/H2) at 400 °C was performed. The equivalent oxi
electrical thickness was determined by capacitance–vol
(C–V) measurements with devices biased into accumula
using quantum mechanical corrections.19 p-channel FETs
with thermal oxide gate dielectrics were fabricated as con
devices.

For the top surface nitridation studies, MOS capacit
were formed on lightly dopedn-type substrates (n;5
31015 cm23) using a combination of remote plasma-assis
oxidation, deposition, and nitridation to form two types
test structures.13 Both devices had top surface nitride laye
prepared by the process outlined earlier in Sec. II B, a
plasma-deposited oxide layers;2.5 nm thick. However, the
Si–SiO2 interfaces were formed differently:~i! in one group
of devices, the interface was formed by remote plasm
assisted oxidation using excited species from a rem
O2/He plasma, and~ii ! in the second group of devices, th
oxidation process of~i! was followed by an interface nitrida
tion process that utilized species from a remote N2/He
plasma.13 The first interface formation process produced
non-nitrided interface and;0.6 nm of SiO2 which served as
a substrate for film deposition by RPECVD using remo

/

FIG. 2. Nitrogen depth profile determined by SIMS analysis comparing
plasma-assisted top surface nitridation, and the combination of plas
assisted top surface and interface nitridation.
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plasma excited O2/He and downstream injected SiH4. The
second process also produced;0.6 nm of SiO2, but follow-
ing the 90 s nitridation process, had;1 monolayer ~or
equivalently;7 – 831014 N-atoms/cm2! incorporated at the
interface between the Si and the ultrathin SiO2 layer. Capaci-
tors were fabricated after top surface nitridation andp1

poly-Si gate electrodes were applied following the same p
cedures as used for thep-channel FETs.

III. ELECTRICAL MEASUREMENTS AND DATA
ANALYSIS

A. Dual layer p-channel devices

C–V curves forp-channel devices with a 0.8 nm ultrath
nitride layer on top of thermally grown oxides indicated
significant suppression of B-atom penetration to the Si–S2

interface compared top-channel devices with thermall
grown oxide dielectrics.20 C–V measurements were made o
capacitors formed using the same process as described e
for the p-channel FETs. Figure 3~a! contains the superpos
tion of normalized quasistaticC–V curves for capacitors
with control oxides, and NON stacked dielectrics in whi
the deposited nitride layers are;0.4 or;0.8 nm thick. Ox-
ide thickness for these devices ranged from;4.0 to ;4.7
nm. TheC–V curve for control oxide is shifted to a mor
positive voltage by approximately10.5 V with respect to the
capacitor with 0.8 nm top nitride. Based on the calcula
value of flatband voltage as determined from the subst
and gate electrode doping, the large positive shift of the
erence oxide flat band voltage indicates signific
B-penetration to the substrate for that device.21 The flat band
voltage shift of capacitor with 0.4 nm top nitride film i
intermediate, indicating that B-atom transport can be c
trolled for a fixed thermal budget by simply changing the t
nitride layer thickness.

In addition, the B-atom blocking capability is improve
by performing the 900 °C RTA prior to the deposition of th
polycrystalline Si gate electrode as indicated by theC–V
data in Fig. 3~b!. Annealing of the RPECVD nitride film a
900 °C for 30 s prior to the poly-Si deposition, implantatio
and activation anneal, retards the diffusion of B through
top nitride during the activation anneal, presumably by
ducing the amount of available hydrogen to assist in
diffusion process.1 As displayed in Fig. 3~b!, theC–V curve
for stacked dielectric film without 900 °C annealing shows
small shift to positive voltage with respect to film with th
post-deposition RTA. This indicates a small amount of B h
migrated through the nonannealed nitride film to the s
strate. Additionally, thisC–V curve exhibits some distortion
at the onset of the inversion region, presumably due to m
fication of the channel region potential by B-atom compe
sation.

Locating a nitride film on top of oxide as a diffusio
barrier provides other advantages inp-channel devices. Pre
vious studies have shown that N-atom concentration peak
the Si–SiO2 interface for dielectrics grown by oxidation i
NO or N2O. Since B-atom transport is stopped at t
J. Vac. Sci. Technol. B, Vol. 17, No. 4, Jul/Aug 1999
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Si–SiO2 interface in these devices, this approach allows
accumulation of B atoms in the bulk oxide, degrading t
dielectric reliability compared to oxides grown in O2 without
nitrogen incorporation.22 By preventing B from diffusing
into the bulk oxide layer, devices with NON dielectrics di
play improved reliability compared to devices with oxid
grown in O2. Figure 4 shows Weibull plots for gate dielec
trics with tox–eq;3.0 nm under a substrate injection stress
500 mA cm22. The charge to breakdown,Qbd, is improved
by about an order of magnitude in the devices with the NO
dielectrics.

It has been shown earlier that a 0.8 nm top nitride
effective in stopping boron penetration even with a therm

FIG. 3. ~a! Normalized quasistaticC–V curve for thermal oxide, and 0.4 an
0.8 nm top nitride deposited onto thermal oxides. Curves are shifted du
boron penetration through thin gate material. The dopant activation ann
ing is 1000 °C for 60 s.~b! Normalized quasistaticC–V curve for oxide and
N/O stack with and without post-deposition treatment. The RTA condition
at 900 °C for 30 s in the He ambient, and the dopant activation annealin
1000 °C for 60 s.
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budget as high as 1000 °C for 4 min.20 However, as shown in
Fig. 3~a!, some B-atom penetration is observed when the
nitride thickness is reduced to 0.4 nm. It is interesting to n
that 0.8 nm of nitride is equivalent to an areal density
;4.531015 N atoms/cm22. If one assumes that B transpo
is impeded by N atoms, then an estimate of the cross sec
for a transport blocking reaction such as chemical captur
discussed later can be obtained by using the Si–N b
length,dSi–N of 0.175 nm to estimate the size of the chemic
trapping site. Taking the radius of this trap to be equal
0.5dSi–N, the product ofp(0.5dSi–N)2 and the areal density
is ;1.1, and is reduced proportionally for the 0.4 nm film.
is difficult to explain this thickness dependence of B-ato
transport through these very thin nitride layers by conv
tional diffusion theory~Ref. 1, and references therein!. To
gain additional insights in the B transport process, B pene
tion to the Si–SiO2 has been studied by changes in flat ba
voltage for devices with different types of oxynitride alloy
deposited onto a 2.5 nm oxide. The (SiO2)x(Si3N4)12x alloys
were formed by a RPECVD technique described in Ref
The SiO2 fractions,x, in the (SiO2)x(Si3N4)12x alloys were
0, 0.3, 0.7, and 1. In the first set of experiments, the thickn
of the oxynitride alloy films was fixed at;0.8 nm and the N
concentration was reduced by increasingx. In the second se
of experiments, the areal density of nitrogen atoms is fixe
;4.531015 cm23 ~as in a 0.8 nm Si3N4 film! and the oxyni-
tride film thickness was increased proportionally as the S2

fraction was increased. Figure 5~a! shows the effectivenes
of the boron diffusion barrier formed by 0.8 nm of th
(SiO2)x(Si3N4)12x alloys. The extent of B-atom penetratio
is compared by studying the flat band voltage shifts from

FIG. 4. Weibull plots ofQbd for capacitors with 3.0 nm ON and oxid
dielectrics under constant substrate injection current stressing at a cu
density of 500 mA cm22.
JVST B - Microelectronics and Nanometer Structures
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theoretical value determined by the work function differen
between gate and substrate Si. In the Fig. 6~a!, the device
with 0.8 nm top nitride films shows essentially no flat ba
voltage shift~to 60.05 V! confirming the results shown in
Figs. 3 and 4. By reducing the nitrogen areal density
substituting (SiO2)x(Si3N4)12x alloys for the nitride layer,
and keeping the physical thickness at 0.8 nm, the flat b
voltage is shifted to more positive voltages indicating
creased B-atom penetration. Similar results apply for the s
ond set of experiments in which the nitrogen areal densit
fixed by increasing the thickness of the (SiO2)x(Si3N4)12x

alloy films @see Table I and Fig. 5~b!#. Reduced B-atom pen
etration through the second set of films supports a mode
which boron transport proceeds via a percolation-like p
cess involving the connectivity of the oxygen atom pathwa
through the oxynitride alloys. This model is qualitatively di

ent

FIG. 5. Boron penetration as monitored by changes in flatband voltage
oxynitride alloys, (SiO2)x(Si3N4)12x (x50, 0.3, 0.7, and 1!, deposited onto
a 2.5 nm oxide. The alloys were formed by a RPECVD technique descr
in Ref. 8. In~a! the thickness of the oxynitride alloy is fixed at;0.8 nm and
the nitrogen concentration was reduced by alloying. In~b! the areal density
of nitrogen atoms is fixed, and the barrier layer thickness is increased
portionally.
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ferent that the model for B diffusion, as proposed in Ref.
and will be discussed in more detail later.

B. C – V current density–voltage „J – V… studies on
capacitors

Electrical characterizations have also been performed
the capacitors subjected to top surface nitridation in orde
demonstrate the equivalence of this approach for formin
barrier to B diffusion to the direct deposition of;0.8 nm of
Si3N4. In this case, tunnelingJ–V data was used to demon
strate the effectiveness of top surface nitridation in suppr
ing B-atom transport out ofp1 poly-Si gate electrodes. Fig
ure 6 showsJ–V data for the two different types o
capacitors discussed above:~i! one with top surface nitrida
tion and a non-nitrided interface, and~ii ! the second with top
surface nitridation and a monolayer nitrided interface. F
band voltages for these devices, as determined byC–V
analysis, were the same to60.05 V, indicating that B atoms

TABLE I. Boron atom transport through oxynitride alloys as monitored el
trically by flatband voltage shifts.

Gate dielectric Flatband voltage,Vfb Change inVfb

N/O stack: 0.8 nm/2.6 nm 0.84 V 0.0 V
Reference 3.2 nm oxide 1.21 V 10.37 V

~i! Fixed oxide~2.6 nm!, and oxynitride~0.8 nm! alloy thickness
Oxynitride alloys
30% SiO2:0.8 nm 1.02 V 10.18 V
70% SiO2:0.8 nm 1.15 V 10.31 V

~ii ! Fixed oxide thickness~2.6 nm!, and variable oxynitride thickness
Oxynitride alloys
30% SiO2:1.1 nm 0.86 V 10.02 V
70% SiO2:2.7 nm 1.09 V 10.25 V

FIG. 6. J–V characteristics for capacitors prepared on lightly dopedn-type
Si~100! with p1 polycrystalline Si gate electrodes fortox–eq;2.5 nm. The
upper curve is for a device with an RPECVD SiO2 layer and a non-nitrided
Si–SiO2 interface, and the lower curve is for a device with a RPECVD S2

layer and a monolayer nitrided Si–SiO2 interface.
J. Vac. Sci. Technol. B, Vol. 17, No. 4, Jul/Aug 1999
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have not been transported to the Si–SiO2 interface in either
of the devices. The reduction in tunneling current in the d
vice with nitrided interface is similar to what has been sho
found for devices with nitrided interfaces and either Al orn1

poly-Si gate electrodes where B diffusion is not an issue13

Tunneling current in devices with interface nitridation
typically reduced by a factor of 7–10 due to decreases
effective surface roughness.23

IV. MODEL FOR NITRIDE BARRIER LAYERS

The experimental results of Sec. III have established
following: ~i! B penetration out ofp1 poly-Si gate electrodes
following aggressive dopant activation anneals~;1 min at
950– 1000 °C! of implanted B poly-Si is suppressed belo
levels of detection by electrical measurements when Si3N4

layers, prepared either by remote plasma CVD of Si3N4 or
top surface nitridation of SiO2 are about 0.8 nm thick,~ii ! B
penetration has been detected when the Si3N4 layer thickness
is reduced to;0.4 nm, and~iii ! B penetration is occurs whe
oxynitride films @(SiO2)x(Si3N4)12x# are substituted for the
layers, even if the area density of N atoms is held constan
increasing the thickness of the oxynitride film in direct pr
portion to the SiO2 fraction.

The combination of these results suggest that B trans
is hindered at the atomic level when N atoms are substitu
for O atoms in oxynitride alloys, and that B transport is by
percolation-like process that involves jumps between nea
nearest-neighbor O atoms in which B–O bonds are forme
accord with the results of XPS studies.6 The model devel-
oped below proceeds in two stages:~i! quantum chemistry
calculations do determine how B atoms and ions inter
with O and N atoms in SiO2, (SiO2)x(Si3N4)12x and Si3N4,
and~ii ! transport calculations based on the connectivity o
pathways in (SiO2)x(Si3N4)12x alloys.

A. Quantum chemistry calculations

Based on the electronic structure of B and two-fold co
dinated O atoms in Si–O–Sibonding arrangements in SiO2

and the pseudobinary oxynitrides alloys, a quantum chem
try study was made to determine if donor-acceptor pa
would form between B atoms and/or ions and the two-fo
coordinated O atoms of the SiO2 network. This bonding does
not require a defect bonding environment and does not
volve bond-breaking reactions and network restructuri
Figure 7~a! indicates the molecular model used to stu
donor-acceptor bond formation through attachment of B io
to the nonbonding pairs on the O atoms of the Si–O–Si
groups. The calculations of this article are similar to tho
used to study defect metastability associated with H atom
Si–SiO2 interfaces,24 and in hydrogenated amorphou
silicon.25 In particular, as indicated in the figure captions f
Fig. 7 the Si atoms of the these clusters have been termin
Si–H groups. These calculations indicate that binding ene
for attachment of neutral B atoms to the O nonbonding p
is very low,;0.4 eV, but that the binding energy for attac
ment of B1 ions to the O nonbonding pair is significant
higher,;1.85 eV; the respective bond lengths are;0.2 and
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0.175 nm. This calculation demonstrates that B atoms wo
not be impeded by attachment to O atoms, whereas B1 ions
would. Since the activation energy for B diffusion is hig
;3.6 eV, it can either involve bond breaking and restruct
as in the PLD model of Ref. 1, or donor-acceptor bond f
mation involving ionic species as introduced in this artic
The experiments on the relative blocking power of differe

FIG. 7. Schematic representation of molecular structures used for qua
chemistry calculations:~a! for B1 to Si–O–Si and~b! for B1 to 3Si–N.~b!
Local bonding geometry of the N atoms. The termination of these cluste
by H atoms.
JVST B - Microelectronics and Nanometer Structures
ld

g
-
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t

silicon oxynitride alloys favor a site percolation model wi
near-neighbor jumps involving O atoms, and deep trapp
or blocking involving N atoms. This approach is support
by the quantum chemistry calculations presented earlier,
those introduced later for B1–N bonding. Therefore, the nex
part of this discussion focuses on~i! ion transport in SiO2,
and ~ii ! differences between the bonding of B1 ions to non-
bonding pairs on O and N atoms of SiO2, (SiO2)x(Si3N4)12x

alloys and Si3N4.
While there is no direct experimental evidence that bo

diffusion proceeds by ionic rather than neutral species, th
is experimental evidence for formation of positive H1 ions
~protons! at Si–SiO2 interfaces and their transport throug
SiO2 films.26 For example, studies of proton motion in SiO2,
where the source of H resides in poly-Si films deposited o
the SiO2 surface, indicates that mobile proton motion is d
tected at temperatures.450 °C, and is the dominant H
transport mechanism at temperatures.600 °C.26,27 The
transport of H1 through SiO2 may involve the formation of
three-fold coordinated oxonium sites where the H1 ion forms
a donor acceptor pair bond through utilization of the no
bonding orbitals of the two-fold coordinated O atoms
Si–O–Si groups.28 Since the ionization energy of H i
greater than that for B, 13.6 eV as opposed to 8.3 eV,29 it is
reasonable to assume that B1 ions can be generated at th
poly-Si interface by a reaction similar to the one that gen
ates H1 ions. If this were the case, then the ionization ene
of B atoms at the Si–SiO2 interface would be reduced a
least by the energy difference between the conduction b
of Si and vacuum,;4.2 eV. For this model to apply, the
measured activation for diffusion1 would have two contribu-
tions, ~i! one associated with the ion formation process, a
~ii ! a second associated with the microscopic transport p
cess. This separation into two terms is consistent with
activation energies for As and P diffusion in SiO2 ~see Ref.
1!. In particular, the increased activation energies of As a
P diffusion in SiO2 with respect to B are consistent with the
increased ionization,I, energies with respect to B (I P58.3
eV!, I P510.5 eV, andI As59.8 eV.29 However, the activa-
tion energy for the diffusion constant for Ga in SiO2 is
greater than that of B, butI Ga56.0 eV and is less thanI B so
that the extension of this approach to other diffusing spec
such as Ga has issues yet to be resolved.

Quantum chemistry calculations have been applied
bonding between B1 ions and N atoms bonded to three
atoms~i! in a planar bonding environment like that found
Si3N4 and the oxynitride alloys,29 and also~ii ! in a more
probable tetrahedral bonding environment as found in a
monium ions. In this regard, the bonding of N atoms in bo
crystalline and amorphous Si3N4 is in a planar
configuration,30,31 whereas the bonding of four-fold coord
nated positively charged nitrogen is in either a tetrahedra
distorted tetrahedral configuration.29 The calculation for the
bonding of B1 in a planar configuration is included to em
phasize the increased stability of the tetrahedral~or distorted
tetrahedral! arrangement. The neutral B to N binding ener
in a planar configuration is too low~,0.5 eV! to provide a
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chemical block, consistent with the results for B to O bon
ing where the proposed hopping transport mechanism
only apply if B1 ions are the diffusing species. The results
the calculations for the B1 ions are summarized in Table I
where it is shown that the binding energy of the B1–N bond
is more than 1.5 eV greater than that of the B1O bond if the
local geometry is planar, and more than 2 eV greater if
geometry is tetrahedral as in ammonium ions. Due to
difference in binding energies between B1–N and B1–O
sites, the B1–N sites can act as deep traps in the B diffus
process, and the B1–O centers can act as jump sites with
significantly increased release rate determined by the dif
ence in their respective binding energies. For a diffus
temperature of 1000 °C~1273 K!, this is a factor of;5
3104 for the planar B1–N geometry, and more than
3106 for the tetrahedral site expected for an ammonium i
like center.

B. Percolation pathway calculations

It is now demonstrated that the experimental data on
blocking power of nitride layers, and the transport throu
the different oxynitride alloys is in good agreement with t
predictions of a transport model based on site percolat
The model is based on a statistical analysis of bonding in
oxynitride alloys. Figure 8 presents the results of a calcu
tion of the fractional concentration of the five possible loc
bonding groups in the oxynitride alloys. The calculation a
sumes that the alloy is pseudobinary~or chemically ordered!
in character containing only Si–N and Si–O bonds. The
atoms are four-fold coordinated in tetrahedral arrangeme
the O and N atoms, are respectively two- and three-fold
ordinated as in noncrystalline SiO2

31 and Si3N4;
30,31 in par-

ticular the neutral N atoms are in a planar bonding geome
As pointed out in Ref. 30, the bonding of neutral N atom
with Si atoms in amorphous materials is in planar bond
geometry just as in the crystalline phases. Infrared stu
indicate that this same bonding geometry also occurs in
con oxynitride alloys.32

Based on an assumption that B atom transport takes p
through a connected array of oxygen atoms, the B trans
proceeds through O pathways involving Si atoms bonde
two, three, or four oxygen atoms, and B transport is block

TABLE II. Quantum chemistry calculations for interactions between B,
and As atoms and ions and O and N atoms in Si–O–Si and 3Si–Nbonding
groups, respectively as in SiO2, (SiO2)x(Si3N4)12x alloys and Si3N4.

~i! B atom and ion bonding to O atoms in Si–O–Sigroups@see Fig. 7~a!#
Bonding group Bond energy, eV Bond length, nm

B•••OSi2 ,0.5 .0.2
B1•••OSi2 1.9 0.174

~ii ! B atom and ion bonding to N atoms in 3Si–N groups@see Fig. 7~b!#
Bonding group Bond energy, eV Bond length, nm

B•••NSi3 ,0.5 .0.2
Planar B1•••NSi3 3.0 0.21
Tetrahedral B1•••NSi3 4.7 0.15
J. Vac. Sci. Technol. B, Vol. 17, No. 4, Jul/Aug 1999
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by Si atoms bonded to either three or four N atoms. Th
definition of transport via the O atoms makes anarbitrary
assumptionthat the transport is by a hopping process th
involves jumps between O atoms bonded to the same
atom, and that the probability of such a jump between ava
able O atom sites is greater than the probability of trappi
on a N atom bonded to the same Si atom. Obviously, the
assumptions require additional critical study. Moving ahea
and based on these assumptions, Fig. 9 displays the f
tional concentrations of these Opathways, and Nblockers,
as determined from Fig. 8. To determine the extent to whi
this type of model explains the results of the experimen
described earlier, the shift in the flat band voltage,DVfb ,
with respect to the value for complete suppression of
transport as determined from devices in which the Si3N4

thickness is 0.8 nm or more, is plotted in Fig. 10 as a fun
tion of the product of the blocking power of Si–N bondin
groups as defined in Fig. 9 times the nitride or oxynitrid

,

FIG. 8. Calculated fractional concentrations of Si–4N, Si–3N, 1O, Si–2
2O, Si–1N, 3O, and Si–4O tetrahedral groups as a function ofx in silicon
oxynitride alloys@(SiO2)x(Si3N4)12x# using a statistical model.

FIG. 9. Calculated fractions of nitrogen blocking groups, Si–4N, Si–3N, 1
and oxygen pathway groups, Si–4O, Si–3O, 1N, Si–2O, 2N, as a funct
of x in silicon oxynitride alloys@(SiO2)x(Si3N4)12x# using the statistical
model calculations of Fig. 8.
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thickness~see Table I!. The dashed line is included in Fig. 1
to emphasize the trend in these data. The solid lines indi
the character of the threshold behavior that is anticipated
the basis of percolation theory as applied to films in wh
all dimensions are greater than the atomic scale dimens
associated with the transport process.33 The thickness dimen
sions of the films in this study do not meet the assumpti
of percolation theory so that only qualitative agreement is
be expected. Note that the percolation threshold predicte
theory is;0.4333 and is approximately at the intersection
the two straight lines in Fig. 10 that reflect the qualitati
dependence ofDVfb on boron blocking power.

V. DISCUSSION

The experimental studies of the suppression of B trans
by nitride and oxynitride films prepared by RPECVD a
subjected to post deposition annealing suggest that B a
transport takes place via percolation or connected pathw
is nearest-neighbor O atoms. Quantum chemistry calc
tions suggest that the diffusing species is a B1 ion rather
than a neutral B atom. The measured activation energy
transport is 3.6 eV, and is greater than the binding energ
B1 ions to O atoms through an interaction that forms
donor-acceptor pair bond. The ionization of B atoms t
out-diffuse from the ion implanted poly-Si layer is assum
to take place at the poly-Si–SiO2 interface paralleling the
formation of H1 atoms or protons, and contributes to t
measured activation energy.

It will be necessary to determine if this model can expla
enhanced B atom diffusion that takes place when either F
H is bonded in the SiO2 network. Quantum chemistry calcu
lations performed on Si–O–Falloys34 indicated increases in
the Si–O–Sibond angle, which affects the spatial orientati
and relatives- and p-character of the nonbonding pairs o

FIG. 10. Change in flat band voltage, as a function of boron ‘‘blocki
power’’ defined as the fraction of nitrogen blocking groups~from the model
calculation in Fig. 8! times the layer thickness~see Table I!. The dashed line
is quadratic fit to the data which is included to emphasize the trend in
data. The solid lines indicate the threshold behavior that is anticipated o
basis of the percolation theory as applied to films in which all dimensi
are greater than the atomic scale dimensions associated with the tran
process.
JVST B - Microelectronics and Nanometer Structures
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the O atoms. For example as the Si–O–Si bond angle
creases, the nonbonding pairs become morep-like in charac-
ter. Quantum chemistry calculations are in progress to de
mine whether this will increase or decrease bond energ
Finally, the diffusion constants for As and P in SiO2 are
similar to those for B,1 with the activation being proportiona
to the As–O and P–O bond energies. Preliminary studie
dative bond formation between As1 and P1 ions and non-
bonding pairs on O atoms and N atoms has been comple
with results parallel to those obtained for B1 ion. For ex-
ample, the binding energies of As1 and P1 ions to nonbond-
ing pairs on O atoms of Si–O–Sigroups are respectively 1.
and 1.6 eV, whereas the binding energies of As1 and P1 ions
to nonbonding pairs on N atoms of tetrahedral N–Si3 groups
are increased, respectively, to 4.4 and 4.8 eV. The sim
diffusion constants for As and P in SiO2, and the effective
blocking of diffusion for As and P in oxynitride alloys sup
ports the model proposed in this article for the transport
B1 ions through SiO2, and the blocking of these ions i
nitride and oxynitride films.
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