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Oxidation of silicon nitride films in an oxygen plasma

G. P. Kennedy,? O. Buiu, and S. Taylor
Department of Electrical Engineering and Electronics, Brownlow Hill, The University of Liverpool,
Liverpool L69 3GJ, United Kingdom
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The fabrication of oxynitrides using low thermal budget process technology is a key component in
the production of advanced devices. This work focuses on the use of plasma anodization of
low-pressure chemical vapor depositicPCVD) silicon nitride films to produce silicon oxynitride

films, which are characterized structurally and electrically. The oxynitride dielectric films have a
three layer structure, with “Sig@-like layers at the surface and near the interface, and a
“SisN,"-like layer between them. Hence, nitrogen atoms are replaced by oxygen atoms at the
surface of the film and near the Si/dielectric interface. The conductivity of the silicon nitride film
was found to be higher than the silicon oxynitride film, whereas the conductivity of the oxynitride
and, therefore, its trapping characteristics are more temperature dependent. Furthermore, the
activation energy required to release an electron from a trap in the silicon oxynitrid@®@f2d8 eV)

is 1.7 X that of the silicon nitride film(0.130 eV). Although oxidation of the LPCVD silicon nitride

film did not reduce the interface trap density 10'2cm 2eV ™ for both SN, and SiON films), the
density of traps, which are thought to be silicon dangling bonds in the form sfparstate near
midgap, have reduced. A model to explain the conduction properties of the silicon oxynitride
film—based on the Fowler—Nordheim conduction mechanism—was developed. Moreover, this
model takes into account the trapping dynamics of the film. It was found that the best theoretical fit
to the experimental current density data was obtained by assuming that the areal trap density,
No, =5x10" cm 2 and the trap capture cross sectiamn=1x10¢ cn?. © 1999 American
Institute of Physicg.S0021-8979(99)01105-6]

I. INTRODUCTION oxynitride dielectric exhibits certain advantageous electrical
properties compared with an oxide. These properties are

Fabrication of transistors for advanced microchips re-higher dielectric breakdown values and reliabifity® re-
quires novel processing strategies which allow considerablguced interface state generatibrand improved!-V and
reduction in device dimension size. The nature of such strate-v characteristics? Initially, work on the plasma anodiza-
egies involves the use of low thermal budgptocesses in  tion of silicon nitride was undertaken in order to establish the
order to maintain the structural integrity of the device whilefeasibility of using SjN, as a mask against oxidatiéit was
minimizing the number of defects produced by the processound that when strips of $\l, were used as a mask against
technology. oxidation the SjN, was gradually converted to SjOThis

For this purpose plasma grown low temperature siliconconversion is thought to be due to a loss of nitrogen into the
dioxide layers represent a good alternative to thermallyplasma caused by bonding instability of nitrogen at the sur-
grown layers. It has been shown that, following plasma oxiface of the dielectri¢® In further work by Goswamet al.’
dation, dopant redistribution is negligiland the “bird's  sj,N, films were deposited on silicon by plasma enhanced
beak” structure, produced during thermal oxidation, ischemical vapor depositiofPECVD) using a SiH/NH,
minimized” One of the main advantages of plasma grownpjasma at 300 °C. The $i, films were then anodized in an
layers is that silicon is consumed during the process, by corpxygen plasma with a sample temperature of 400 °C. This
trast with layer deposition, thereby replicating at lower pro-produced an oxynitride dielectric which was reported to have
cess temperatures the thermal Si/Si€ystent Plasma g jower fixed oxide charge, leakage current and interface trap
grown oxides on single crystal silicon have produced interensity than the original PECVD nitride. Fourier-transform
face states below $Dem?eV " measured using th@,/® infrared (FTIR) data showed the gradual transformation of
techniqué®, and with mean dielectric breakdown strengths iNthe nitride into an oxynitride structure. Kenneelyal 18 con-
excess of 10 MV cm' for an oxide thickness 050 nm/ tinyed this work further through the plasma oxidation of
Furthermore, previous work also shows that good quality pcyp SiN, films in a plasma anodization reacfomhis
plasma grown oxides on SiGe, SiC, polycrystalline andyork showed that a PMA treatment after oxidation of the
amorphous silicon have been demonstrdéd. _ silicon nitride film can significantly reduce the interface trap

An investigation of the plasma oxidation of silicon ni- gensity of the resulting silicon oxynitride film. Also, a
tride has been undertaken since it has been reported that tbchanism of conduction in silicon oxynitride films was

proposed based on electron tunneling to and subsequent re-
2Electronic mail: gpk@liv.ac.uk emission of electrons from shallow traps in the dielectric to
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the oxynitride conduction band following the work of Yang the back of the growth wafer, from the plasma. Usually a
et all® blank substrate is placed between the substrate and the anode
A recent literature search has shown that little work hago prevent any possible ionic contamination from the anode
been done on the oxidation of;8i, films to produce silicon reaching the back of the substrate.
oxynitrides. Lukovskyet al? presented work on the integra- A rotary pump is used to keep the process chamber un-
tion of plasma assisted and rapid thermal processing to prater reduced pressure and a Baratron pressure gauge is used
duce low thermal budget ultrathin dielectrics. Kaluri to monitor the pressure in the chamber. Mass flow control-
et al***presented the most recent method of producing oxters are used to allow a flow of filtered semiconductor grade
ynitrides using plasma anodization involving the use of angxygen into the chamber and to maintain a pressure of 0.15
N,O plasma to anodize silicon. Their optimum growth con-Torr during processing. A Millipore filter is also used to

ditions for silicon oxynitrides were 400°C, 15 mTorr, 25 maintain the purity of the gas flowing into the process cham-
sccm and a constant current of 3.8 mATmUnder these per.

conditions, it was found that no nitrogen was detected in the  The substrates used in this investigation were %100)
bulk region of the film, however, it was detected within 4.5 Rca cleaned silicon wafers which were boron doped to 5
nm of the interface in the form of N—gbonding structures. w104 cm3. LPCVD SkN, films were then deposited to a
The oxide charge density and the breakdown field strengtbhickness of 20 nm at 780 °C. The plasma oxidation reactor
were found to be 1.410™ cm™*and 8.4 MV cm™, respec-  gescribed above was used to anodize thalSiilms at con-
tively. o . _ .. stant voltage in an oxygen plasma under the following pro-
The advantage_of plasma ano<_j|_zat|on of silicon nitride iNcass conditions: an rf power of 0.6 kW, a dc bias of 150 V,
an oxygen plasma is that an oxynitride can be produced by g ,cess pressure of 150 mTorr and a process temperature
low thermal budget process. The aim of our work was 10y 430 °c, respectively. Only the central area of thgNgi

investigate furt.hgr the .ph)_/sical and e_IectricaI properties O%ilm of diameter 6.9 cm was exposed to the oxygen plasma
the plasma oxidized $l, films. For this purpose we used for times ranging from 10 to 30 min. Following plasma an-

odization, an array of MIS capacitors was formed by the
aevaporation of 200 nm of high purity aluminium through a

were_the_n correlated with the data from t_he electrical C.ha.r'shadow mask which was placed so as to form MIS capacitors
acterization measurements. The electrical characteristics

: o n both the oxidiz rtion of th r well
were measured using quasista@ieV andl-V measurements Gn both the oxidized 3N, portion of the substrate as well as

: : ; the SgN, portion. The nitride layer on the back of each
of metal-insulator-semiconductqMIS) capacitors formed . .
. - o - - ) o sample was removed using emery cloth and an ohmic contact
using silicon nitride and silicon oxynitride dielectric films.

.~ _was formed by Al evaporation. Each of the processed sub-
The C-V measurements were used to assess the trap dIStrslfrates was cut in half; one half received a PMA treatment in
bution in the silicon band gap, while theV measurements '

) o 0 ) .
were used to assess the breakdown and conduction propertifé) ming gas(90% N,/10% H) for 30 min at 400 °C and the

of the silicon nitride and oxynitride films. Furthermore, an other half was left “as grown.
improved model of conduction in silicon oxynitride films
produced by plasma anodization is presented.

Il. EXPERIMENT B. Structural measurement

A. Plasma anodization An Escalab Il Auger electron spectrometer was used to
The silicon nitride films were plasma anodized in andetect oxygen and nitrogen in the LPCVD nitride and plasma

oxygen plasma in an inverted plasma anodization sy§tem©Xidized SiN, samples. An area of 1 chof both samples
The basic principle of the system is to expose a silicon subwas loaded into the high vacuum chamber of the spectrom-
strate to an oxygen plasma generated by rf induction coil§ter in tumn. They were then examined by scanning an elec-
located around the process tube at a distance of 6 cm frofion beam across the surface of the sample to release an
the substrate. Throughout the growth process a dc electrituger electron. In the Auger electron spectrum the number
field is applied across the plasma using the substrate arfRf Auger electrons emitted by the dielectric is plotted as a
another silicon wafer as electrodes; the growth substrate #inction of energy in eV, thus enabling constituent elements
connected to ground while the lower silicon wafer acts as 40 be identified. Each scan was followed by ion beam milling
cathode. As a result of this electric field, negatively chargedo remove some dielectric material from the surface of the
oxygen species drift towards the substrate and some reag@mple. Hence, Auger spectra of the constituent elements of
with the silicon nitride film at the surface while some mi- the dielectric were measured with depth through the dielec-
grate through it and react with the underlying silicon. tric film.

The process chamber of the inverted plasma oxidation A silicon wafer, having similar properties to those of the
system consists of a quartz tube of approximately 5 in. irdeposited film substrates, was used as a reference sample for
diameter and 3 mm thick. A quartz ledge is located above théhe FTIR measurement. The analysis of the starting material
position of the plasma where a quartz mask and the growtkthe SiN, film) and the lightly oxidized SN, dielectric
substrate sit throughout the process. The mask is used tayer was done by transmission infrared spectroscopy in the

) . ) . ~ 1 .
|sola}§|tihdeogd%ulréd r(‘j é}%‘/rjlﬁﬁlt&el anode, which rests agaid€i0—-1200 cm rang%ﬁﬂ%gui)%l% )kze%rB 69?%anneter.
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C. Electrical measurement Oxygen —m—
. . Nitrogen -—@ -
The MIS capacitors were probed in a grounded metal  30-

enclosure and gate-substratev characteristics were ob- 1 / N T

tained using a Keithley voltage sour@gpe 230)and elec- :-g 254 /"\ . e
trometer(type 617)using an automated arrangement driven Da 20_‘ '.,/ *
by a PC. A bias was applied to the MIS capacitor and theg | \.
resultant current flowing through it was measured after a8 5 /
given settling time. Experimentally it was found that the sys- = ¢
tem was capable of measuring currents accurately down tg 19+ (]
1Xx10*2 A. Below this value the recorded data were unre-%~ | \...\
liable due to unwanted leakage currents. 3 0'5'_ . —8———n
The breakdown field strength of each dielectric filmwas 4, -
determined by applying a ramp voltage o2 Vs ! to the 25 20 15 10 5 0
gate of the MIS capacitor under test. The bias at which a(@ Depth (nm)

current of 1uA flowed through the capacitor was defined to

be the breakdown field strength. A breakdown histogram Sggge;n _.,_
composed of the breakdown field strengths of 20 capacitor: 51

from each dielectric film was produced. These data were thet 1 =

used to plot a cumulative breakdown field distribution from 4 / Su

the silicon nitride and silicon oxynitride films.

The low frequency capacitance voltagé-{/) measure-
ment technique was developed by Kéhand is known as
the quasistatic technique. In this method a slow voltage ram
is applied to the gate of the MIS capacitor and the resultani
displacement current is measured using an electrometer. Th

N
VAN

Peak Height (Arbitrary Units)

. . . . i 14 / LY S BN

interface trap density at the silicon-dielectric interface was . T
determined by comparing the experimer@aV curve with a . . -
theoretical one generated by fitting it to the experimental one % 20 15 o 5 0
in accumulation. (b) Depth (nm)

ll. RESULTS FIG. 1. Depth profiles showing the nitrogen and oxygen composition of the
: (a) 21 nm silicon nitride, andb) 25 nm silicon oxynitride films. These data

A. Structural properties were obtained by Auger electron spectroscopy.

Taylor et al* examined the effect of plasma anodization
of SizN,4 in an oxygen plasma. Aftea 3 hoxidation 0.45um Auger depth profiles of the 20 nm LPCVD silicon nitride
of plasma oxide was grown on a patterned silicon substratsample and the oxidized silicon nitridexynitride) sample
with SigN,/SiO, strips. This corresponds to an oxide growth are shown in Figs. 1(aand 1(b), respectively. Clearly there
rate'® of 0.038 nm s%, assuming constant current conditions. is a distinct difference in the structural nature of both of
As a result of this, approximately 0.08m of SN, was these samples. The nitride sample is composed primarily of
consumed vertically. Therefore, the rate of conversion ohitrogen with a small but significant amount of oxygen at the
SisN, to Si0, is 5.1x10 3 nms L. This conversion of SN,  surface of the film. However, the oxynitride appears to be a
to SiG, is probably due to a loss of nitrogen into the plasmathree layer structure composed of oxygen rich layers at the
caused by bonding instability of nitrogen at the surface of thesurface and near the interface with a nitrogen rich layer sand-
dielectric and at the same time oxygen replaces nitrogen atiched between them. Hence the effect of plasma anodiza-
the surface of the dielectric. A similar suggestion was alsdion has been to replace the nitrogen near the interface and at
made by Kaluriet al?**2 who presented a description of the surface by oxygen.
nitrogen incorporation in thin silicon oxides using N Analysis of the Auger spectra for the lightly oxidized
plasma to anodize silicon. They suggested that negative nBigN, film revealed the carbons] nitrogen ¥, oxygen &,
trogen moieties, perhaps,NNO™, etc., were formed on the and silicon % lines. However, the carbonslpeak (C )
silicon surface upon collision with an electron drift through was recorded only in the Auger spectra of the surface of the
the oxide towards the positively biased silicon, and react t@sample. This is probably due to the adsorption of contami-
form SN, Hence, nitrogen in the N-${397.7 eV)bond-  nants on the surface of the silicon nitride film aided by its
ing arrangement is formed primarily at the Si—$idterfa-  porosity.
cial region, and the concentration of nitrogen in the Si—SiO There were two nitrogenslpeaks which were recorded
interfacial region increases with oxidation time. Therefore,in the depth profile of the lightly oxidized i, film. The
as the N—Sji front moves away from the interface during first one(N-I) is located at 394 eV and the second ¢Nell)
oxidation, bonding stability is lost, resulting in the formation at 400 eV. The existence of the two lines is suggesting that
of molecular nitrogen which subsequently exits the oxide inboth S,=N-O and S&N bonds are present in the sample.

the f%itlmatci,ol?bcife silli_‘cgf1 \?X%m& bonding structures. No nitrogen was dete&tﬁ% 8Tl E]ieesgr)f&CE 6)61}1,6;{“?' sample,
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FIG. 2. FTIR spectra of the 21 nm silicon nitride and the 25 nm silicon

oxynitride films. FIG. 3. Cumulative breakdown distribution showing the percentage of di-

electric breakdowns at a given breakdown field strength from a sample of 20
MIS capacitors with silicon nitride and silicon oxynitride dielectric films.

however, as the sample was probed deeper the nitrogen con-

centration reached a maximum. The majority of nitrogen at- ] ]
oms at this depth were of the form “Si=N.” of each film were reasonably uniform. Furthermore, the

The oxygen O & peak was detected in all three regions breakdown field strength is shown to improve by over 2
of the sample(i.e., surface, middle, and interface). At the MV/cm through the oxidation of the as deposited silicon
surface the oxygen line consists of two different lines, whichnitride film producing the as grown silicon oxynitride film.
we believe representi) oxygen in the silicon suboxides Poole—Frenkefor bulk limited conductionpccurs when
(524.5 eV), andii) adsorbed oxyge(633.1 eV). Moreover, the cpnd_uctivity of_the dielectric film is deper)dgnt on the
the existence of some oxygen in the structure of the startingIeCtrIC field, E. This process is thought to originate from
material(i.e., SkN,) was confirmed by measurements using leld enhanced thermionic emission from defects in the bulk
spectroscopic ellipsometry. However, its refractive index a©f the dielectric. In his theoretical analysis, FreriReas-
the mercury green liné546 nm)is 1.79, which is very low Sumes that each defect is charged and represents a fixed Cou-
as compared with other resfitsvhich are in the 1.98—-2.20 lombic potential. When an electric field is applied, the po-
range. This effect could be due either to the presence of sonfgntial surrounding the trap becomes a superposition of the
oxygen in the structure or perhaps the silicon nitride strucirap and the potential resulting from the applied field. As a
ture could be slightly porougfor example, due to a low consequence of the applied field the barrier height, to
deposition temperature). thermionic emission is reduced. Hence, when an electric

From the FTIR spectrum of the silicon nitride film there field is applied across the dielectric, electrons or holes hop
is a broad adsorption centered around 880 t(Fig. 2). The from trap to trap under the influence of the applied field. The
broadness of this absorption is due to the fact that there aduation which describes the Poole—Frenkel conduction
several contributions to this lingi) Si—N bonds(stretching Mechanism is described below in the form of the Poole—
vibration at~840 cmi'}), and (i) Si-O bonds(stretching Frenkel current densitylp: °

and conformation vibrations, usually at 1090 and 810 tm _q \/qT
Jp=CpE exp{ﬁ( P1— Weoerd)]’ (1)

respectively). Also the Si—O bending vibration was recorded
at 465 cm®. Hence, the presence of the oxygen related vi-
brations in the IR spectra of the 8i, spectra is clearly whereCpgis the Poole—Frenkel proportionality constérg-
showing that the oxygen content is high enough to affect théated to defect densityq is the electronic chargé is Bolt-
structure of the initial film. zmann's constanf is the absolute temperature at which the
For the lightly oxidized silicon nitride film, the spectra measurement was performesgl, is the permittivity of free
features belonging to the oxygen bonds are more accentuatsgace and,4 is the dynamic dielectric constant.
(Fig. 2). The most important change is the one related to the  Fowler—Nordheim(or electrode limitedconductiod’-?
Si—0O stretching vibration which is more prominent and is,occurs as a result of electrons tunneling from a metal or
therefore, affecting the structure of the band related to Si—Nemiconductor surface through the energy gap of the dielec-
stretching vibrations. tric into the conduction band of the material at the other side
of the dielectric. Electrons incident on the dielectric at the
Fermi level experience a potential barrier,. According to
classical mechanics, any electron incident on the potential
Cumulative breakdown field distributions of breakdown barrier is reflected and for an ideal insulator conduction can
histogram data from the as deposited silicon nitride and thenly occur if the electrons in the metal or semiconductor
as grown silicon oxynitride films were plotted in Fig. 3. gain sufficient thermal energy to overcome the potential bar-

Thesxlclii gt)gtignlsn%ho‘\;v LPgtI\HE breakdown field strengthser, or, in other Wordil?éy&[)r?ieogg(.elagai%npl-.|oswever, as

B. Bulk electrical properties
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FIG. 4. J-E plot of the experimental current density calculated from the Fig 5. Arrhenius plot J/E vs 1/T) over the temperature range of
measured-V data of a silicon nitride MIS capacitor. A theoretical Poole—~ 51_2527 > for the silicon nitride and silicon oxynitride MIS capacitors.
FrenkelJ-E curve is found to be coincident with the experimental data. The

Poole—Frenkel proportionality constant, the dynamic dielectric constant, and

the barrier height of defects within the film were calculated to be 1.52

x10°%, 7.74 and 0.809 eV, respectively. deposited SN, film the dynamic dielectric constant and the

barrier height of defects within the film were calculated to be
7.74 and 0.809 eV, respectively.

a consequence of quantum mechanics these electrons have a The temperature dependence of conductivity in the sili-
finite probability of transmission into the energy gap of the€on nitride and oxynitride dielectrics is presented in the
dielectric. Therefore, when a large electric field is present ifArrhenius plot J/E vs 1/T) over the temperature range of
the insulator, this results in the flow of an appreciable cur21—-227°C(Fig. 5). The conductivity of the silicon nitride

rent. The current densitylgy, is related to the field in the film is at least three orders of magnitude greater than the
dielectric by silicon oxynitride film. This plot is also representative of the

temperature dependence of trapping within each of these
films. The activation energy, which is the amount of energy
required to release an electron from a trap with a Coulombic
potential barrier, was determined from the slope of the plot.
Hence, for the nitride and oxynitride dielectrics, this was
found to be 0.130 and 0.218 eV, respectively. Therefore,
= ° (3) almost double the amount of energy is required to release an
167 Moy@o electron from a trap in the oxynitride by comparison with the
nitride. Furthermore, the proportionality constant associated
with the Poole—Frenkel conduction equation was found to be
4 [2mg, — 1.52x10° 8 from the point where the data crosses tH&
s Ve, (4)  axis for (1/T)—.

The experimental-E characteristics of the silicon ox-
where E is the electric field across the dielectrig,is the  ynitride dielectric are presented in Fig. 6. In contrast to the
electronic chargan, andm,, are the electron rest mass and silicon nitride case, thé-V data were found to be polarity
the effective mass of the electron in the dielectric, respeceependent, which is evidence of an electrode limited conduc-
tively, and# is the reduced Planck’s constane., h/27). tion mechanism. For electron injection from the metli-

The experimental-E characteristics of the LPCVD sili- con positively biased), the current density passing through-
con nitride film are presented in Fig. 4. These characteristicout the dielectric remains below 18 Acm™2 until
were calculated from thé-V raw data using the relations approximately 4.9 MV cm?. At this point the current den-
E=V/d andJ=1/A whered is the thickness of the dielectric sity increases exponentially with a constant gradient until it
andA is the area of the MIS capacitor. The current densityreaches a value between f0and 10° Acm 2. Here the
passing through the dielectric increases exponentially berate of change of current density with electric field strength
tween field strengths of 0.5 and 10 MV cfand was found reduces, which we attribute to be due to electron trapping in
to be polarity independent. Over most of the range of fieldthe oxynitride film. It is well known that a buildup in trapped
strength,>2 MV cm™%, the gradient of the data is almost negative charge in a dielectric film inhibits the injection of
constant. By replotting in the form of a Poole—Frenkel plotfurther electrong® This effectively decreases the electric
(J/IE vs (E), it was possible to calculate the dynamic dielec-field strength at the cathode, reducing the current density
tric constant from the slope of the best straight line fituntil all of the traps are in equilibriunfdynamic balance)
through the data. The barrier height of defects within the filmwith the current flow. This may be modeled as shown below.

was ﬁl{:&é?aeglgo n (t:hei, i.nﬁeg:ﬁ)éon thvE axis. For the as When an electric Rﬁl& gv&gleg)@)e(d fﬁré’?f g.efxynitride

-B

Jen=CenE? exr<? : 2

where the pre-exponential constant is given by

3
m
Cope Ao

and the exponential terng is

3
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10”3 Experimental current density =
Results from simulation for: o E.=E-

t)(d—x.
an(t)( X), @

o 6=10"cm? @ «d
% 10° 6=10" cm’ & whered is the thickness of the dielectric andis the static
:%‘ 10° o=10""cm* w dielectric constant(determined from capacitance voltage
- . measurement).
;» 10 The theoretical current density curves presented in Fig. 6
2 10° ;" were generated from Ed5) iteratively using the solution
s o 4 (6), assuming thal,=5x 102 cm 2 and c=10"-10"%"
] ¥ cn?. (Similar values have also been obtained by other for
8 10° ama" ¥ oxynitride films!®) The theoretical equation for the Fowler—
vt Nordheim current density2) was also substituted into Eq.
3 4 5 6 7 8 9 10 (6) along with the decrease in the electric field due to trap
Electric field strength (MV/cm) charging(Eq. (7)]. Generally, it shows a relatively close fit to

. . the experimental curve for the oxynitride dielectric, particu-

FIG. 6. J-E plot of the experimental current density calculated from theI | | f el ic field hi f8
measured -V data of a silicon oxynitride MIS capacitor. A theoretical arly at_lva ues o e_ectrlc leld strength In excess g
Fowler—NordheimJ-E curve modified to account for a dynamic trapping MV cm™%. However, it was noted that wheN,<5x 10"
process in the oxynitride shows a reasonable fit to the experimental datem™2 the theoretical current density was greater than the ex-
The barrier height to electron emission, the areal density of traps and thgerimental current density for each value of electric field in
trap capture cross section are 2.4 e\ B0'2 cm 2 and 1x 10 '€ cn?, —1 .
respectively. excess of 8 MV cm- and vice versa for values dfi,>5

X 10'2 cm™2. Furthermore, wheno was chosen to be

1x 10715 cn?, the theoretical current density was found to

be at least one order of magnitude less than the experimental
dielectric such that electrons were injected into it from thecurrent density and vice versa whenwas chosen to be

metal, the electrons experienced a potential barrier of 2.4 eMA x 10717 cn.

This barrier height was calculated by assuming that the the- Taoet al*° examined electrical conduction in silicon ni-
oretical current density curve, based on the Fowler—trides deposited by plasma enhanced chemical vapor deposi-
Nordheim conduction mechanism, is coincident with the ex+jon. In their investigation they examined three types of film:
perimental current density curve at the onset of conduction ifia) Si rich SiN,, (b) a stoichiometric SN, and(c) an ox-

the dielectric. Conduction proceeds when the width of thaynitride_ They suggested that the Si richyMgj film, which
barrier is less than or equal to the tunneling distance, thegonsists of an abundance of Si—Si bonds, exhibits Poole—
electrons are able to penetrate through the barrier into therenkel conduction behavior. By comparison, the conduction
conduction band of the dielectric. As the electrons reach thénechanism of the stoichiometric 58i, film, which has a
position of traps within the oxynitride layer, they begin to fill higher proportion of nitrogen atoms within, was said to be
them. The rate at which electrons are trapped within the oxhopping conduction at low electric fields and Poole—Frenkel

ynitride film can be described BY at high electric fields. Furthermore, the mechanism in the
dn Jo oxynitride film was said to consist of a smaller component of
—=—-(Ny—n), (5) hopping at low electric fields, than that reported in the sto-
dt ¢ ichiometric film, and a higher degree of tunneling at higher

whereJ is the current density within the dielectria, is the electric fields. Moreover, it was also suggested that the con-
areal density of traps within the film. Also, when this expres—Frerx?rl] andhp_?rtlal[{y TOWler_’\iO;d?ﬁ'T' duction in thei
sion is integrated, it gives the number of traps which are ough Taoet al. suggeste at conduction n their
Fowler—Nordheim conduction mechanisms, we do not be-
—Jeno lieve that both of these mechanisms are operating within our
n(t)=Ny| 1—ex q
the |-V data extracted from the oxynitride MISCs were
Now when electrons fill traps within the dielectric, this found to be polarity dependent and, second, an attempt to
electric field at the cathode decreases. This may be taken intaental data failed. The data required for the theoretical curve
account if the centroid of trapped chargg, during injec- fit, i.e., the Poole—Frenkel proportionality consta@pf),
trapped at nitrogen related sites in the oxynitride fikncan  were extracted from the experimental Poole—Frenkel plot.
be determined from the Auger data as the position of maxifurthermore, Tat al. make no attempt to produce a theo-
from Fig. 1(b) was found to be 8.5 nm. If the areal density of that the Poole—Frenkel conduction mechanism is actually op-
traps in the film at time is n(t) then the decrease in the erating within their oxynitride dielectrics. Moreover, a theo-

electron capture cross section of a trap ahgis the total duction mechanism for oxynitride films was partially Poole—
filed at a timet: oxynitride dielectrics was due to both the Poole—Frenkel and
(6) oxynitride dielectrics. The reasons for this are twofold, first,
changes the profile of the electric field within it such that theproduce a Poole—Frenkel theoretical curve fit to the experi-
tion is known. Assuming that electrons are preferentiallythe barrier height §,), and the dynamic dielectric constant
mum nitrogen concentration within the film. The valuexgf  retical curve fit to their experimental data to clearly show
eleCtBﬁif(ifCI)du%lteh r;:gth‘(l)d%_ grﬁijeced by trap charging is retical model is preseKﬁeéigrl]‘ g’ilg ggl(cleé Slg'ih Fiuggests that
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whereas in the case of the oxynitride film the ledge has a trap
density of 2.3 102 cm 2eV ! and stretches from 0.619 to
0.689 eV. Therefore, oxidation of the nitride film reduces the
width of the ledge and reduces the density of traps by 2X.
Robertsof**2 in his work on silicon nitride examines
the defects which are present in amorphous silicon nitride
films using photoemission and electron spin reson#B&R)
measurements. He states that the main defects in amorphous
silicon nitride are silicon and nitrogen dangling boriB8s).
The silicon DB forms asp® state near midgap, while the
nitrogen DB forms a highly localizeg level just above the
valence band edge. From o@-V analysis of the silicon
nitride and oxynitride films we know that there is a ledge of
traps located just above midgap in the silicon band gap.

FIG. 7. QuasistatiaC-V curves from typical LPCVD silicon nitride and Therefore, it is possible thatgthese traps are aCtua”y silicon
oxidized silicon nitride(silicon oxynitride) MIS capacitors investigated in  dangling bonds of the forrap®.
this work. The zero is suppressed to emphasize the plateau due to traps  The shape of eacB-V curve would suggest that there is

located just above and near midgap.

the conduction mechanism is due fundamentally to Fowler—t
Nordheim tunneling while at the same time a dynamic trap
ping process is also occurring. This trapping process i
thought to be related to the presence of defects in the silico

nitride layer.

C. Interface electronic properties

QuasistaticC-V measurements were taken using 0.38
mm diam capacitors in order to obtain information about the
electronic properties of the silicon-dielectric interface. The

a significant number of interface traps present in both cases.
Analysis of these curves indicates that the midgap capaci-
ance of 100—150 pF is far in excess of that which would be
expected for the ideal capacitor with the same parameters,

@pproximately 10-20 pF. By considering the equivalent cir-

ﬁuit of a real rather than an ideal MIS capacitor, its total
capacitanceC, can only be calculated with the inclusion of
the term representing the capacitance of the interface traps,
Ci;- From the equivalent circuit, the total capacitance of a
MIS capacitor is

Ci(Cs+Cy)

CT=CF(CrCy’ ®

C-V curves for the as deposited LPCVD nitride and the asvhereC; is the capacitance of the dielectric aad is the
grown oxidized nitride films are shown in Fig. 7. A common capacitance of the silicon, Hence, if an id€alV curve was
feature is the presence of a ledge in the weak to strong irplotted alongside the experimental curve such that they were
version regime. As the bias applied to the gate of the MISGiligned at midgap, then the difference in height between the
is swept between accumulation and inversion, the Ferméxperimental and the ide@l-V curves is the capacitance of
level is pinned when it passes through the region where ththe interface trapsC; .

ledge is located. At this point, charge is filling traps and the

The calculation of the density of states is based on a

displacement current remains constant with time. In the casmodel by Kuhr® The main assumption of this model is that

of the nitride film this ledge has a trap density of 4.50"2
cm 2eV ! and stretches from 0.635 to 0.810 &Wig. 8),

Silicon nitride =
Silicon oxynitride ®
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FIG. 8. Interface trap distributions calculated from the quasis@itM data

of typixiis&igoa Blirled ﬁrg S‘I|,ICQi]_ §>W|1i&ide MIS capacitors.

there are few, if any, traps at the band edges. Hence, the
difference between the ideal and experime@aV curves in

the accumulation region is negligible. Therefore, with the
ideal curve fitted to the experimental curve in accumulation,
it is possible to calculate the interface trap distribution over
most of the band gap. The interface trap densities of the
LPCVD nitride and the oxidized nitride films were calcu-
lated, assuming a nominal doping level ok80'* cm™2 in

the p-type substrates. Also, the thickness of the deposited
nitride and the oxynitride films, measured by an Applied
Instruments ellipsometer, was 21 and 25 nm, respectively.
The midgap interface trap density before and after oxidation
was calculated to be 1:910'? cm 2eV 1. Therefore, there

is no change in the midgap interface trap density with oxi-
dation.

IV. CONCLUSIONS

This research has focused on the development of oxyni-
tride dielectrics by the oxidation of silicon nitride using a

novel process. This R/ﬁg c;)lfj g‘rg é())(ul(i 6)87ussd 9as a gate
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