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Temperature effects on the electrical properties and structure
of interfacial and bulk defects in Al /SIN, :H/Si devices
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Bulk properties of Sil:H thin film dielectrics and interface characteristics of SiN/Si devices

are studied by a combination of electrical measurem@atgacitance—voltage and current—voltage
characteristicsand defect spectroscopglectron spin resonancd he SiN, :H films were deposited

by an electron cyclotron resonance plasma method and subjected to rapid thermal annealing
postdeposition treatments at temperatures between 300 and 1050 °C for 30 s. It is found that the
response of the dielectric to the thermal treatments is strongly affected by its nitrogen to silicon ratio
(N/Si=x) being above or below the percolation threshold of the Si—Si bonds in the [Sildttice,

and by the amount and distribution of the hydrogen content. The density of Si dangling bond defects
decreases at moderate annealing temperatbedsw 600 °Q in one order of magnitude for the
compositions above the percolation thresh@iidrogen rich,x=1.55, and near stoichiometrig,

=1.43. For the nitrogen rich films, a good correlation exists between the Si dangling bond density
and the interface trap density, obtained from the capacitance measurements. This suggests that the
observed behavior is mainly determined by the removal of states from the band tails associated to
Si—Si weak bonds, because of the thermal relaxation of the bonding strain. At higher annealing
temperatures the deterioration of the electrical properties and the increase of the Si dangling bonds
seem to be associated with a release of trapped hydrogen from microvoids of the structure. For the
silicon rich samples rigidity percolates in the network resulting in a rigid and strained structure for
which the degradation phenomena starts at lower temperatures than for the other two types of
samples. ©2001 American Institute of Physic§DOI: 10.1063/1.1380992

I. INTRODUCTION nitrogert®! dangling bonds by electron spin resonance
(ESR.
The electrical properties of silicon nitride thin films On the other hand, the dominant mode of electronic con-

(SiN,:H) have been the subject of intense research in sevduction appears to be Poole—Frenkel emisSiavhich, in
eral areas such as thin film transistbrsjemory device$, the lower range of applied electric fields, turns over to an
and inversion layer solar ceffsHowever, at the present time, ohmic behaviol® For ultrathin films with a low density of
the main point of concern is the potential application ofdefects, Fowler—Nordheim and direct tunneling conduction
SiN,:H to the gate structure of complementary metal-have been observéd? The studies of the SINH/Si inter-
oxide—semiconductor transistdY3 This application is moti- face have been performed main|y by Capacitance_vo|tage
vated by the continuous downscaling of the channel lengthc—v) measurements:** from which the density of inter-
below 180 nm, which is pushing the Si@ate dielectric  face states can be calculatéd’ Much effort has been de-
thickness below 2.0 nm. In this ultrathin range, boron transyoted to reduce this density of states to a level comparable to
port from thep™ poly-Si gate electrode to the channel regionpe Si/SiqQ interface.
occurs during the high temperature anneals that are required SiN, :H thin films deposited by plasma assisted chemical
to activate the B dopant atoms. Additionally, direct andyapor deposition methods generally contain a large amount
Fowler—Nordheim tunneling currefitsecome importantand of hulk and interfacial traps. These are attributed to the dam-
comparable to off-state drain currents. The higher dielectri(;ige caused by energetic ions and electrons impinging on the
constant of SiN:H compared to Si@allows increasing the  growing surface during the deposition process. Significant
physical thickness of the gate dielectric while retaining a lowyeqyction of these centers can be achieved by indirect plasma
oxide equivalent thickness. methods such as the remote plasma deposition techfiique
Interfacial and bulk electrical properties of SiN have  gnd the electron cyclotron resonan@®CR) method?® In
been investigated under a number of different approachegnese cases, the substrate is placed out of the plasma region
Extensive studies exist about its defect structure, particularly g therefore is not subjected to direct plasma exposure. By
about the identification and properties of the silitdmnd any of these indirect techniques, the dielectric can be depos-
ited directly on the silicon substrate at low temperattité
dElectronic mail: imartil@eucmax.sim.ucm.es without any previous interface conditioning process.
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TABLE I. Summary of characteristics obtained in previous works for the three types of films deposited for this study. The data of silicon and mtesgen co
were determined by combined Rutherford backscattering and energy dispersive x-ray analysis, while the content of bonded hydrogen wasaraltidated fr
infrared spectra of the films.

Nitrogen to silane Ratio of nitrogen to RTA temperature onset RTA temperature onset for
gas flow ratio R) Denomination  silicon in the film () for nitrogen loss Bonded hydrogen bonded hydrogen loss
1 silicon rich 0.970.03 600 °C Si—H bonds predominate N—H bonds: 400 °C
over N—H bonds Si—H bonds: 500 °C
1.6 quasi 1.43+0.02 700 °C N—H bonds predominate N—H bonds: 500 °C
stoichiometric over Si—H bonds Si—H bonds: 700 °C
7.5 nitrogen rich 1.550.04 No loss of nitrogen Only N—H bonds are 900 °C
detected

Concerning the application of SiNH films to IlI-V  the negative effects of hydrogen as a precursor of defect
compound semiconductor based technology, an interfacgeneration are often found to predominate. In this case ther-
control layer(ICL) or some kind of interface treatment be- mal annealing postdeposition treatments have been applied
comes necessary due to the much higher instability of théo reduce the amount of bonded and nonbonded hydrogen
surface of these materials. Notable success has beevhile at the same time promoting the formation of Si—N
achieved with sulfur passivatidfi, CdS chemical bath®,  bonds?”%°
and ICL of elemental silicon grown pseudomorphically on In this article, we will analyze the effects of rapid ther-
the substrate waféf. mal annealing process€éTA) on the electrical properties of

While the origin of bulk defects in SINH has been ECR plasma deposited SiNH thin film dielectrics in
found to be dominated by silicon dangling borffidsthe  metal—nitride—silicon(MNS) structures. It will be shown
physical nature of the interfacial states is not so well underthat the changes induced by the RTA treatments on the re-
stood. These states usually exhibitUashaped distribution sults of the electrical measurements can be correlated to the
within the forbidden energy gap and are often ascribed to aensity of paramagnetic Si dangling bonds detected by ESR.
backgroundJ-shaped continuum due to band-tail levels su-
perimposed to localized peaks. Specific superficial defect
such as the so-calleB,, center would be the origin of the M. EXPERIMENT
spectral peak&?* Other models for the interchange of SiN, :H thin films of variable composition were depos-
charge at the interface have ascribed the density of states il®d by an ECR plasma method directly on silicon wafers.
deep levels in the SiNH, in which electronic transitions The deposition reactor was an Astex 4500 machine operating
take place by direct tunneling with the silicon bafd$hese  at 2.45 GHz and 100 W of microwave power. The wafers had
defects consist of a silicon dangling bofiticentej in which ~ been previously sliced in square pieces of 0.5 cm of side and
the three other bonds of the silicon atom may be saturated bsubjected to organic solvents and dilute HF cleaning in a
nitrogen or silicon atoms in a proportion that depends on thglove chamber with inert gas purge before their introduction
composition of the SiN:H. Although charge carrier injec- in the plasma system. The purged cleaning chamber coupled
tion in silicon nitride/silicon junctions has been reported toto the entrance port of the vacuum system avoided exposure
occur from as far as 20 nm from the interf&€eK centers  of the wafer surface to air after the last step of the cleaning
should be located only a few nanometers from the interfac@rocess and therefore prevented oxidation of the hydrogen
in order to exchange charge with the silicon so rapidly thaterminated surface. This ensured that the ,SHNfilm was
they can be viewed as interface state defects. deposited directly on the silicon surface without an interme-

Another influence that must not be neglected in analyzdiate oxide layer. The composition of the i was con-
ing the structure of defects and the electrical properties isrolled by the nitrogen to silane gas flow ratioR (
that of the hydrogen content of the film. Near neighbor Si—-H=N,/SiH,). Three values oR were usedR=1, 1.6, and
and SiN—H groups linked through the H-bonding interaction7.5), which resulted in three compositioridefined in this
may trap a thermally or optically generated hole and producarticle by the nitrogen to silicon ratioz= N/Si) with charac-

a metastable defect pair consisting on an overcoordinateigristic properties and response to the thermal treatments. In
nitrogen atonf’ At the interface, H atoms bonded directly to Table | we summarize some of these characteristics obtained
Si atoms can form hydrogen bonds with N—H groups whichin our previous studies by combined Rutherford backscatter-
act as precursor sites for defect generaffo@n the other ing and energy dispersive x-ray analy$SRBS/EDX) to-
hand, H atoms compensate what otherwise would be Si damether with infrared spectroscofiyin the following, we will

gling bond defects, and thereby contribute to decreased levefer to the three types of samples analyzed as Si (fRh

els of interface trapping staté$Generally, it has been ac- =1; x=0.97), near stoichiometri€R=1.6; x=1.43 and N
cepted that the presence of hydrogen is beneficial for theich (R=7.5; x=1.55).

application of SiN:H to thin film transistor gate dielectrics For the ESR measurements, thick films were needed to
because it reduces the number of constraints. In this way, ibtain a good signal to noise ratio. However, the higher
makes possible an average coordination number very similahickness that can be grown is limited by the internal stress
to that of SiQ. On the contrary, for field effect applications, of the SiN,:H film, which produces loss of adherence and
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film peeling for thickness values above a certain limit thatwe observe a Poole—Frenkel conduction process in all the
depends on the composition. The stress and rigidity of thanalyzed device¥:!3
SiN,:H network is increased as the film becomes increas- As we will discuss in the following sections, the deterio-
ingly Si rich, so the maximum allowed film thickness is re- ration of the electrical properties for annealing temperatures
duced by the higher Si content. The thickness of the flmsabove a certain threshold is associated to the processes of
grown for the ESR measurements were 640 nm for théwydrogen release. In our previous studiese determined
N-rich samples, 480 nm for the near stoichiometric, and 20@he content of hydrogen in the films from the infrared ab-
nm for the Si rich. The silicon wafers had &L1) orientation  sorption bands corresponding to the N—H and Si—H bonds.
and 80() cm resistivity, and the substrate holder was notFor this purpose, we used the oscillator strengths originally
intentionally heated during deposition. calibrated by Lanford and Rarid However, it is well known

For the electrical measurements on MNS capacitors, thtéhat a significant amount of atomic or molecular hydrogen
thickness of the Sil\:H film ranged between 30 and 40 nm can be trapped in microvoitfs® of the SiN,:H lattice. In
for the three compositions, and the substrate was heated twr films, the evidence for this nonbonded hydrogen became
200 °C during the deposition process. In this case the waferdear when a significant increase of the IR absorption areas
had a (100 orientation and weren type with 5Qcm of  was observed at moderate annealing temperatures. Such in-
resistivity. crease indicated the formation of Si—H and N—H groups

After the deposition, some of the SjNH samples were from dangling bonds and a fraction of the nonbonded hydro-
rapid thermally annealed in Ar atmosphere at temperaturegen. Therefore, it was appropriate to utilize a detection pro-
between 300 and 1050 °C for 30 s. This was done inside aedure that is not sensitive to the chemical state of the hy-
graphite susceptor in a modular process technology RTP-60@rogen atoms, but instead it can detect the total amount of
furnace. After the annealing, each film for ESR measurehydrogen irrespective of their bonding configuration. This
ments was cut in five smaller pieces of 0.2xfincm which ~ was achieved by heavy ion elastic recoil detection analysis
were stacked to enhance the level of the detected microwau#llERDA) performed at the lonen Strahl Laboratorium of
absorption. The ESR study was performed with a Brukethe Hahn-Meitner-Institut in Berlin. For these measurements
ESP 300E spectrometer operating in ¥iéand at a micro- we used®Kr incident ions accelerated at 1.4 MeV/amu. A
wave power of 0.5 mW. The density of Si dangling bofids comparatively high detection sensitivity achieved by an im-
the following, Ng) was quantified by comparison with the proved detection system with a solid angle of 0.4 msr and the
signal of a calibrated weak pitch standard. The measuredse of a large detection angle of 40° provided a reasonable
ments were carried out at room temperature. measuring statistics even at low ion fluences. The total ion

The samples for electrical measurements underwent adlose was about dparticles per sample. The mass and en-
ditional processing after the RTA cycles in order to fabricateergy dispersive time-of-flight setup is described in detail in
the metal contacts. This was done by thermal evaporation dRef. 34.
Al. The front contact was evaporated through a mask in or-
der to produce several contacts of about 0.1%rofrarea on

- Ill. RESULTS

each sample, while no mask was used for the back contact.
After evaporation of the Al, a postmetal anneal was perA. Eg and p values
formed at 300°C for 20 min in a conventional furnace
purged with Ar. Once finished, the MNS devices are charac
terized by measurements of tiia-V characteristics—high
frequency C,) and quasistatic G,) curves. Both curves
were measured simultaneously with a Keithley Model 82
system, and the distribution of interface charge trapshe
following, D;) is obtained by means of the well-known

The values ofEg andp for the three series of analyzed
samples are plotted in Figs(al and Xb), respectively, ver-
sus the temperature of the RTA. The best electrical properties
are those of the N-rich films, which have the higher values of
p andEg and the better thermal stability.The deterioration
of their characteristics takes place above 600 °C, compared
to 400-500°C for the near stoichiometric samples and

equatiot® 400 °C for the Si-rich composition. Although the deteriora-
. 71 tion of the near stoichiometric films begins at 400 °C for
D. =£C- :E (i_ 1 ) _( 1 1 ) 1) and 500 °C folEg, good values are maintained up to 600 °C.
g 7" q[\Cq Cuyel Ch Cagiet/ | Above this temperature the deterioration process sharply

arises.

whereq is the electron charge ar@yg is the dielectric ca-
pacitance measured in accumulation. B. Density of tic danalina bond

The MNS devices were also characterized by current—" enstly of paramagnetic dangling bonds
voltage (—-V) measurements in accumulation using the In Fig. 2, we preseniy, as a function of the RTA tem-
same Keithley Model 82 equipment. This allowed the calcuperature. In all cases the signal corresponds to Si dangling
lation of the resistivity(p) in the region of ohmic conduction, bonds. After a significant reduction by more than one order
where proportionality exists between current and voltageof magnitude of théN, concentration, this trend is reversed
From these measurements, we also obtain the breakdowabove 600 °C for both the N-rich and near stoichiometric
field (Eg), defined as the electric field that produces a sudfilms. In the Si-rich case, this onset is situated at 400 °C and
den and abrupt increase of current conduction through ththe initial decrease is much less significant. Regarding both
dielectric. In the high voltage region of the measurementskigs. 1 and 2, it seems that the processes responsible for the
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g FIG. 3. Distribution of the density of interface states within the band gap of
a the semiconductor vs energy referred to midgap.
z
=
[22])
'g 10"1 x=0.97 x=1.43 paramagnetic states. Therefore, the influence of the tempera-
o 10'4 ' ture favors the conversion of paramagnetic to diamagnetic
10°4 x=1.55 (and hence ESR undetectabd¢ates. For the Si-rich case, the
10° _ ‘ . significant reduction of the optical gap reduces the differ-
0 200 400 600 800 1000 ences between the energy of diamagnetic and paramagnetic
RTA temperature (°C) states, and it has been reported that the correlation energy

may even become positivé.n that case, the conversion of

FIG. 1. (@ Breakdown field vs temperature of the rapid thermal annealing, , - 4 netic to diamagnetic defects is no longer an energeti-
processes for the Si-richx&0.97), near stoichiometricxE&1.43), and . . L
N-rich films (x=1.55). (b) Resistivity of the three types of films analyzed in Cally favored process, in accordance with the less significant

this study is plotted as a function of annealing temperature. The lines are ¥ariation of theNg, density for thex=0.97 samples. In this
guide for the eye in both cases. article, we will examine more closely these results in con-

junction with the density of interface and band tail states to
ghow that other effects may also be involved in the

deterioration of the electrical properties and for the increas€ 143 andx=1.55 films.

of the Ny, density should be discussed together. This will be
done in the next section.

With regard to the initial decrease ®fy, at moderate
temperatures, we showed in a previous publicdfithat it  C. Interface trap density
was not possible to relate this effect to bond formation reac- In Fig. 3, we present th®, of a sample with an as
tions that could be detected in the infra_\red spectra. This le rown composition ok=1.43. TlheU shape of the distribu-
us to conclude that the observed bgehavu_)r was a Consequengy, js determined by the band tails of the silicon nitride. The
of the neg_at|v_e correlation eneﬁj_;? of this defect. In fac_t, states that constitute the band tails originate mainly from
the combl_natlon o_f one posnwely and one neg"’It'velystretched and distorted Si—Si bonds and have an extended
charged diamagnetic state is more stable than two neutrgly,e on the contrary, broken silicon bonds produce silicon
dangling bonds which form localized states within the band
gap at an energy that depends on the atoms that are back-
bonded to the silicon atoAt. In addition, the resulting
U-shaped distribution is asymmetrical, being its minimum
shifted to a value above midgap. This is due to the fact that
the SiN,:H valence band tail is always larger than the con-
duction band tail, which remains relatively unaffected by to-
pological disordet?

In Figs. 4a) and 4b) we plot the minimum oD;;, and
the energy position of that minimum versus the RTA tem-
perature. A clear parallelism appears between the trends of
the two parameters. This is indicative that the variations in

10"+

Silicon dangling bonds (cm'a)
o,

17 4
1077 4 D; are associated mainly with centers with energy in the
0 200 400 600 800 1000 lower half of the semiconductor gap, such as band tail states
o of the SiN,:H valence band in the region next to the inter-
RTA temperature (°C) face. The reduction of the density of states in the gap is

FIG. 2. Density of silicon dangling bonds as a function of RTA temperature.e?(pe_Cte_d to be parallel_to a shift _Of the minimum of Dg
Lines are guides for the eye. distribution towards midgap. This should be due to the



J. Appl. Phys., Vol. 90, No. 3, 1 August 2001 Martinez et al. 1577

(A) -14

NA —
£ 2
_o 12 ] 8_) -2
%10 g
e s -3
Q °

C
£ ® 4
2 £
£ ©
£ w5l
S 10"'1 x=1.43

026{ 200 400 600 800
0.24
£ 022/
Q° 0.20-
0.18
0.161
0.14]
0.121

0.10

E, (eV)at

x=0.97

x=1.55 : : . .
(B) 0 200 400 600 800

0 200 400 600 800 RTA temperature (°C)

RTA temperature (°C) FIG. 5. (a) Plot of the voltage that produces the situation of flat bands at the
FIG. 4 val f th - f the distributi f interf at semiconductor surface vs the temperature of the annealing treatments for the
- 4. (@ Values of the minimum of the distribution of interface states three compositions analyzed in this stuly. Density of effective charge in

within the gap of the semiconductor. The data have been p!otted Vs th?he dielectric as a function of annealing temperature. Lines are guides for the
temperature of the RTA procegb) Trap energy E,), referred to midgap, at eye in both figures.
s

the minimum of the distribution of interface states. Lines are drawn a
guides for the eye in both figures.

Il?TA treatment for the three compositions. Both parameters
4ndicate a gradual disappearance of the charge stored in the
NWielectric as the temperature of the annealing processes is
increased. The voltage corresponding to flat band conditions
shifts towards the value of the Al/Si work-function difference

amount of topological disorder being reduced by the therm
relaxation processes that take place at moderate RTA te
peratures.

A qualitatively different behavior is observed for the Si-
rich films compared to the near s_toi(_:hiometric an_d N-rich —0.60=0.05V), but only in the N-rich series gets close to
samples. In these latter ones, a significant reduction of th

minimum of D, is observed at moderate annealing tempera is value. This is an indication of an almost complete dis-
it . . appearance of stored charge only in this case. The effective
tures(up to 600 °C for the N-rich films and 400 °C for the PP g Y

S . . dielectric charge is larger in the Si-rich case and lower for
near stoichiometric On the other hand, in the Si-rich g 9

. S the N-rich composition. This seems to indicate that the mi-
samples, no such reduction takes place and the minimum %f

D. i in the whol ft 0 in which th roscopic origin of this charge is predominantly associated
i INcreases In the whole range ot temperatures in Which Mgy, silicon centers, such as positively charged Si dangling
quasistatic capacitance can be measured.

L . S bonds resulting from incomplete reaction of silane fragments
1 g Denavir of 1 Seh s been o0sr¥®ung e ronthpocess Comparng i he i o
) ) . ) L _ .~ "Dy [Fig. dNgy, (Fig. 2), that their behavi
disorder of the Si:H lattice as it is observed in the optical i [Fig. 4@] andNgy, (Fig. 2), we see that their behavior as

. a function of RTA temperature is completely different. While
absorption edgeUrbach energy,, and Tauc parameFeB,). the effective charge tends to disappear at high annealing tem-
These parameters revealed that a thermal relaxation of tq?

work strain took ol t moderat ina t eratures, the minimum ob; and Ng, follow U-shaped
network strain ook place at moderate anneaiing tempergge s for the near stoichiometric and N-rich samples, that is
tures for the near stoichiometric and N-rich compositions

o . . . to say, for compositions above the percolation threshold
but not for the Si rich. This was attributed to the h'gher(fixed in SiN,:H films at a compositiox=1.1).%° This sug-

rigidit_y of the Si_-rich lattice, which has a high _”“”?ber of gests that the hydrogen release processes affect the disorder
bonding constraints caused by the higher coordination numx

- . . of the structurg(tail states such as weak or stretched Si—Si
ber of silicon compared to nitrogen. The same factor impede

: . _ ondg and the dangling bond density. On the contrary, the
any thermal relaxation taking place for the interface states o et charge is not affected but is gradually compensated by
the Si-rich composition, and causes the rapid deterioration 9

. . . jection of electrons upon the annealing.

its electrical properties. Given the negligible contribution that the interface states

have in the effective chard@,it is assumed that the polar-

ization has no influence on this charge. However, some de-
In Figs. 5a) and §b) we plot the flatband voltage and gree of clockwise hysteresis of the high frequency capaci-

the density of effective charge versus the temperature of theance exists, indicating that slow traps capture holes in the

D. Effective electric charge
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FIG. 6. Evolution of the hysteresis of the high frequency capacitance curvé&!G. 7. Ratio of hydrogen to silicon y&[H]/[Si]) in the near-

quantified as the shift of the voltage necessary to achieve the flatband costoichiometric §=1.43) and N-rich films X=1.55). It was calculated from

dition (Vgg). Lines are drawn as a guide for the eye. the atomic percents of each element determined by HIERDA, only in the
range of high annealing temperatures. Lines are guides for the eye.

sweep from accumulation to inversion. In Fig. 6, we have

plotted the hysteresis versus the RTA temperature. It haBerature for all the three series of samples analyzed, in con-
been measured as the shift of the flatband voltage betwedfst with theU-shaped behavior of the trendsMf, and the

two consecutive sweeps from accumulation to inversion andninimum of Dy .

vice versa. It can be seen that, in much the same way as the We begin with the first of the above discussion points,
effective charge, the hysteresis disappears gradually with ti@at is to say, the deterioration of the electrical properties
annealing temperature. The larger values correspond again @&0ve 600 °C for the near stoichiometric and N-rich films.
the Si-rich composition, and the lower ones to the N-richFrom the data of Table | relative to composition and bonding
films. For annealing temperatures above 500 °C, the hysteffangement, and other data that supported them, we pro-
esis disappears almost completely for the samples of theosed in previous publications a set of chemical bond reac-
N-rich and near stoichiometric composition. For these twofions that explained the observed restfts? For the near
series, the decrease of the hysteresis is faster than for the ridpichiometric samples, the loss of nitrogen and bonded hy-
dielectric charge, indicating that the trapped charges that ca#fogen above 700 °C was modeled by an interaction between

interchange charge with the semiconductor disappear befordi—H bonds and nearby N atoms of N—H groups. The con-
the fixed charge. sequence is the effusion of ammonia fragments and the for-

mation of weak Si-Si bonds between the broken silicon
bonds that result from this proce¥s*°

In the N-rich case, no Si—H bonds were detected in the

We will center our discussion in the following points: infrared spectra and therefore the process of hydrogen re-

(i) The rapid deterioration of the electrical propertieslease cannot be the same as for the near stoichiometric
above 600 °C for the N-rich and near stoichiometric samplessamples. The N-rich films do not loose N atoms at any an-
see Figs. (@) and Xb) (Eg andp), Fig. 2 (Ngp), and Fig. 4a) nealing temperature, showing a better thermal stabflihe
(minimum of D;;). The only exception to this seems to be theloss of bonded hydrogen takes place mainly above 900 °C by
behavior of the minimum oD, for the near stoichiometric the interaction of nearby N—H groups with the effusion of a
samples, which increases above 400 °C instead of 600 °C. Inydrogen molecule. However, at temperatures lower than
addition, the deterioration op for this series begins at this 900 °C, part of the nonbonded hydrogen trapped in mi-
400°C, and at 500 °C foEg, but the decreasing trend for crovoids of the structure may be escaping from the sample.
these two parameters is more pronounced above 600 °C. This leaves empty cavities that produce an increase of the

(i) The mechanisms responsible for the decrease of thsurface to volume ratio of the film and therefore an increase
minimum of D;; and Ny, at moderate annealing temperaturesof current conduction through the dielectric, explaining the
for the N-rich and near stoichiometric samples. decrease of botp andEg . %

(iii) The peculiar case of the Si-rich samples, which are  Following with the discussion, in Fig. 7 we plot the hy-
the only series with a composition below the percolationdrogen to silicon ratio in the near stoichiometric and N-rich
threshold of Si—Si bonds in the SjNH lattice, and therefore samples, obtained from the atomic concentrations deter-
characterized by the rigidity caused by the chains of tetracomined by HIERDA? Only the range of high annealing tem-
ordinated Si atoms. In these samples, the electrical propertiggeratures was investigated by this technique. The release of
deteriorate above 400 °C, except for the minimumDyf  hydrogen in this range of annealing temperatures becomes
which increases continuously in the whole range of temperaelearly apparent in this figure. Thus, it seems reasonable to
tures. Additionally, the initial decrease dfy, is much less associate this process with the deterioration of the electrical
significant than for the two other series. properties. The first to escape would be the nonbonded frac-

(iv) The gradual disappearance of both the effectivetion of the hydrogen trapped in the film. When these hydro-
charge and the hysteresis when increasing the annealing temgen atoms and molecules leave the film, empty microvoids

IV. DISCUSSION
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are left behind, whose unpassivated internal surfaces consti-
tute easy paths of current conduction across the dielectric.
Next, the bonded hydrogen leaves the films by means of the
chemical bond reactions that have been proposed in Refs. 30
and 40. These reactions produce weak Si—Si bonds and dan-
gling bonds, explaining the sharp deterioration of the electri-
cal characteristics at the highest RTA temperatures. In fact,
the quasistatic capacitance can not be measured above
700 °C for the near stoichiometric films, and above 800 °C
for the N-rich ones, due to leakage currents in the,SHN

We now go on to pointii) of our discussion, that is to - - T -
say, the decrease at moderate temperaturds pf(Fig. 2 0.1 02 03 04
and the minimum oD, [Fig. 4(@)] for the N-rich and near E, (eV)
stoichiometric samples. We explain these results as follows g g proportionality between the Si dangling bond den@ipin density
The results of Figs. @) and 4b) indicate a strong parallel- and the Urbach energy paramet&,) obtained from the optical absorption
ism between both set of data which suggests that the reduedge. The data points correspond to the near stoichiometric sefies (
tion of the density oD;, at moderate annealing temperatures=1~43) in the whole range of annealing temperatures. The line is a guide for
is mainly due to a decrease of states in the valence band tat\ﬂe eve:
of the SiN,:H. In fact, from Fig. 3, the distribution dD;; is
dominated by states in the lower half of the band gap ang longer be measure@bove 500 °C Both p and Eg de-
their shape seems to be more likely due to band tail extendedcase from 400 °C, anlly, increases above the same tem-
states rather than localized groups of defects, which WO”"H)erature. The sharp increase of the leakage current above
have given rise to peaks in the spectra. In the case of thgggoc is due to the effusion of hydrogen molecules from

SiN,:H, the band tail states are mainly due to Si—Si bondsyear Si—H groups, that initiates the decrease of the content of
that are weakened by strain and distortions in the bongygnded hydrogeft

angles. Above a certain threshold energy, those states may ) o

convert into Si dangling bond centers which would give rise ~ Si—H+Si—H—=H,1+Si-Si. @

to localized states situated at about midgap, so that the rerhis process only occurs in the Si-rich samples and is due to
duction of band tail states observed in tg distributions  the significantly higher concentration of Si—H bonds that
would result in a reduction dly,, as Figs. 4a) and 2 indi-  these samples have, probably due to an incomplete reaction

-
o
3
i

Spin density (cm™)

-
o,
]

L

cate, respectively. _ of silane molecules during the growth process. We will ex-
In suppor_t of this mode_l we can present an additionalplain this point in detail in the next paragraphs.
result, which is the comparison &fy, with the Urbach en- In the near stoichiometric samples, the release of hydro-

ergy E,, for the particular case of the near stoichiometricgen only occurs simultaneously with the loss of nitrogen
composition. As it is knowd? the Urbach energy is the in- above 700°C according to the bond reaction described in
verse of the slope of the exponential absorption edge of thRefs. 30 and 40
optical absorption coefficieritw). The larger the disorder of
the amorphous network, the lower will be the slope of the
absorption edge. This is due to the strain and disorder of thevhile in the Si-rich case this process of simultaneous loss of
weak bonds becoming more significant, since these bondsitrogen and hydrogen occurs above 600(3%e Table )l
will give rise to states that extend deeper into the gap. BeThen, the process described by E2). anticipates the elec-
cause the Urbach energy is the inverse of the exponentiatical deterioration process of the Si-rich films with respect to
band tail,E, will be a parameter proportional to the disorder, the near stoichiometric ones.
and because of the relation between weak bonds and dan- Another factor that has an important influence is the per-
gling bonds, it should be proportional to théy, density.  colation of chains of Si—Si bonds along the dielectric lattice.
Figure 8 shows that this proportionality exists for the nearThe percolation threshold for these chains is located at a
stoichiometric samples. That is to say, bdth, and the Ur-  value ofx=1.1(see Ref. 39 for detailsOur Si-rich samples
bach energy have)-shaped trends as a function of the RTA have an as-grown value &f=0.97 (see Table)l This means
temperature, with a minimum at 600 °C. A detailed analysisa silicon content higher than the threshold, so percolation
of the optical absorption properties of our SiM films can  exists. On the other hand, for the near stoichiometric films,
be found in Ref. 40. the value ofx is 1.43 which indicates a silicon content lower
Our next point of discussiofiii ) is the peculiar behavior than the threshold and no percolation occurs. Because of the
of the Si-rich samples, in the sense that the trends of somigigh coordination number of silicof#), the average number
parameters with the annealing temperature are different thaof constraints is increased with the silicon content, and the
for the near stoichiometric and N-rich series. Particularly, thepercolation of Si—Si bonds results in a rigid and strained
minimum of D; does not show &J-shaped trend as a func- structure. Consequently, the Si-rich films do not experience
tion of the RTA temperature. On the contrary, it increaseghe thermal relaxation processes of the bonding configura-
steadily from the lower annealing temperatures until thetions, which are characteristic of the other types of films at
leakage current is so high that the quasistatic capacitance camoderate annealing temperatures. This can be clearly seen in

Si—H+H-NSi—H—Si—SiHNHjT, ()
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charge. The small hysteresis of the high frequency capaci-
2401 ® tance curve would then be caused by the fraction of these
charges located near the semiconductor surface and therefore

230 . o
able to interchange charge with it.

2204

2104 V. CONCLUSIONS

We have analyzed the electrical properties of S
films by C—V andl -V measurements in MNS structures as
190 x=1.55 a function of the RTA temperature. We emphasize the crucial

r . ‘ . r role that the hydrogen content has in determining the behav-
0 200 400 600 800 1000 ior of the dielectric. For this purpose, the total content of
RTA temperature (°C) hydrogen was determined by HIERDA analysis. The results
FIG. 9. Full width at half maximum of the Si—N infrared absorption band have been comp_ared Wlth_ ey, determined by _ESR me?-
for the three types of samples analyzed. Lines are drawn to guide the eyeS.urements and discussed in the context of previous studies of
composition and bonding structure by RBS/EDX and infra-
red spectroscopy. It was found that the response of the di-
Fig. 9, where we plot the full width at half maximum electric to the thermal treatments is essentially determined by
(FWHM) of the absorption band of the Si—N bonds in theits as-grown composition being above or below the percola-
infrared spectrdsee Ref. 40 A narrower band means lower tion threshold x=1.1) of Si—Si bonds in the SiNH lattice.
dispersion of bond angles and lengths, and therefore a more Three types of films have been investigated: two with
ordered structure. While the N-rich and near stoichiometricheir as-grown composition above the percolation threshold
samples experience a decrease of the FWHM parameter @tl-rich as-grown composition=1.55; near stoichiometric,
moderate annealing temperatures, indicating a thermal relaxas-grown compositiox=1.43), and the other one with an
ation of bonding strains and distortions, the Si-rich samplesas-grown composition below the percolation threshold and
do not experience this initial decrease of FWHM. This sup-referred to as Si richX=0.97).
ports the hypothesis that the percolation of rigidity caused by  In the N-rich and near stoichiometric cases, the density
the Si—Si bonds prevents the thermal relaxation processesf Ny, and the minimum oD;; experience a significant de-
and explains why in these films the annealing treatments arease up to an intermediate annealing temperature. The ther-
moderate temperatures cause a general deterioration abowel relaxation of the strain of the SjNH lattice at moderate
400 °C. annealing temperatures produces a significant decrease of the

Regarding our last point of discussidiv), we first re-  density of interface states. On the contrary, the rigidity of the
mark that the very different trends of the dielectric effectiveSi-rich structure impedes this relaxation process, and the
charge[Fig. 5b)] and the flat band hysteregiBig. 6) with minimum of D;; increases in this case from the lower anneal-
respect to the minimum ob;, [Fig. 4(a)] indicate a com- ing temperatures. Since a relation exists between the density
pletely different microscopic origin of the defects that causeof weak Si—Si and Si—N bonds and the density of Si dan-
each of them. Both the dielectric charge and the hysteresis @fing bonds, the relaxation of the strain of the former will
the high frequency capacitance decrease gradually when ttedso reduce the density of the latter. This explains the behav-
temperature of the annealing treatments is increased. Morér of Ny, with the RTA temperature.
over, in the case of the N-rich films the shift of the flat band  For higher annealing temperatures, the release of hydro-
voltage [Fig. 5@)] is reduced almost to the difference of gen trapped in microvoids of the structure will initiate the
work functions between the aluminum contact and the sili-degradation of the electrical characteristics by leaving behind
con substrate at the higher annealing temperature. The hyanpassivated internal surfaces. As a consequence pbaih
teresis of the flat band voltage decreases faster than thez decrease, and the leakage current through the dielectric
amount of stored charge and it almost disappears for anneahcreases. The SiNH network is damaged by this process
ing temperatures above 500 °C in the N-rich and near stoand the minimum oD;; andNg, increase. The analysis of the
ichiometric samples. Particularly, in the Si-rich case, the hyshydrogen content by HIERDA has confirmed clearly the hy-
teresis is significant in the whole range of temperatures. Thidrogen release in the range of high temperatures of
seems to suggest that the contribution of interface states @nnealing.
the shift of the flat band voltage is negligible and the dielec-  In the Si-rich case, the percolation of rigidity through the
tric charge is then dominated by bulk defects. As can be seemetwork impedes the relaxation processes and anticipates the
in Figs. §b) and 6, the density of stored charge and thedegradation phenomena to lower temperatures. Compared to
hysteresis are lower for the N-rich films compared to thethe near stoichiometric case, an additional process of hydro-
Si-rich samples. The higher values of both parameters for thgen release consisting on the interaction between near Si—H
Si-rich films are tentatively associated to partially dissociatedonds also contributes to initiate the deterioration of the elec-
silane molecules that are trapped in the network in chargettical characteristics at lower temperatures.
states during the growth process. As the temperature of the The density of effective charge stored in the SiN has
annealing processes increases these excited species are in@udifferent microscopic origin than the interface states. The
porated to the SiNH lattice and progressively lose their effective charge disappears as the temperature of the RTA

2004 x=0.97 x=1.43

FWHM of the Si-N band
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