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The (100)Si/S|N , interface, formed by the deposition of38j, layers on bulk(100) Si by distributed
electron-cyclotron-resonance plasma-enhanced chemical vapor deposition, has been studied by electron-
paramagnetic-resonance spectroscopy. Only one interface defed®,gheenter, characterized by trigonal
point symmetry and principal values of tiggensor,g,=2.0018=0.0002 andy, =2.0089+ 0.0002, has been
detected. Its area concentration is of the order of (2<B)'' cm 2 The characteristic defect of the
(100)Si/Siq interface, thePy; center, is not observed. The;Nj, layers contain one main native bulk defect,
the K center, at concentrations 0b&L0"" cm™2. [S0163-18299)11315-9

INTRODUCTION defects P,y and Pp,; coexist at comparable
concentrationd-1° At the (110 interface, once again only
Whereas the defects at tH&00) Si/SiG.interface have the Pb defect has been evidenced. EPR studies oflLh@
been studied in great detail by electrical techniques and to Si/SiO; interface are difficult due to reduced signal-to-noise
lesser extent by the electron-paramagnetic-resonéaie®) ratios and multiple overlapping spectra. This explains why
technique, the defects of th@00) Si/SiN, interface have theg tensors and point symmetries of tRg, and Py, cen-
not yet been studied by the EPR technique up to now and tH&rs have been only recently clariffedue to the increased
microscopic structure of the interface defects is not knownsignal-to-noise ratios obtainable in oxidized porous silicon. It
Such a study is of obvious interest for the characterization ohas been shown that ti#&,, center has monoclini¢ point
the silicon/silicon nitride interface; but in addition it should Symmetry with the principal axes of thg tensor oriented
also be useful as a reference for {100) Si/SiO, interface, —approximately along thgl 1 1], [2 -1 —1], and[0 —1 1] di-
for which the defect structure is still under discussion. rections. The EPR parameters of tRg, center have been
More recently, oxynitride interfaced00) Si/SiQ,\N, and ni- ~ confirmed very recently on bulk Si/SjGamples, submitted
trided Si/SiO, interfaces have also been actively studied into extremely high-temperature>1200°Q vacuum anneal-
the search for alternative ultrathin dielectrics®® the  ing to increase selectively they,, center concentratiof?.
knowledge of the interface defects at the silicon/silicon ni- The microscopic structure of these defects has been estab-
tride interface is a necessary input for defect modeling iflished only for theP,, and Py, centers: they have been con-
these more complex systems. vincingly attributed to a111) oriented singly occupied sili-
The previous defect studies at the silicon/dielectric inter-con dangling-bond defect; Si-Si.**~** The microscopic
faces have mainly been concerned with thermally growrstructure of thePy,; defect is still under debateand various
SiO,. The interface structure and the interface defects haveiodels ranging from the-Si-SLb,O Poindexter model, the
been found to depend on the crystallographic orientation of-Si-Si-O silicon dimer model initially proposed by Ed-
the substrate. The oxidation conditions seem to play only avards, and more recently the originB,, -Si-Si; model
minor role and modify mainly the defect concentrations.have been considered. It now seems that-#&i-Si-O sili-
Among the three main interface orientatio(ill), (100, con dimer model is the most serious candidateMgy. Fur-
and (110 most of the EPR studies have been devoted to th¢her confirmation for this model comes from the very recent
(111 interface, which presents the simplest experimentabbservation of the hyperfine structure of tRg; center'®
case: it has only one paramagnetic interface defect—the sdhe observation of thé>,, center at a differentnitride)
called Pb center—which occurs only in one defect orientainterface can be expected to further clarify this issue.
tion, normal to the interface plane. At the technologically The only Si/SiN, interface studied previously by the EPR
more important(100) interface two different paramagnetic technique is th€111) Si/SigN, one, formed by nitration in
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NH ; at T~1050°CY"~!°® paramagnetic interface defects
were not observed in these samples directly after the nitra
tion but only after post-growth high-temperature annealing
(=1050°Q in N,. Only one paramagnetic defect, with EPR
parameters similar to those of tig, center, was observed.
The main modification as compared to the oxide case wag
the increase in the EPR linewidth—5.5 G as compared to 2.1
G (first derivative peak-peak width a band forBI[001]).
Unfortunately the impact of the high-temperature annealing
on the interface quality remains unclear: it is just either
simple depassivation of existing Pb centers or does it lead t(yp3 103 101 99
structural modifications of the interface.

We present here the results of an EPR study of interface
and bulk defects in (100)Si/shl, formed by the deposition (bl) ' ' ' ' ' '
of thin (~100 A) SizN, layers on bulk(100 Si by the dis- .. SizNy
tributed  electron-cyclotron-resonance plasma-enhances P
chemical vapor depositiofDECR-PECVD technique. The
composition of the SiN, layer has equally been character- Si,O.N, :
ized by photoelectron spectroscof¥PS). y

_—
B
»
wz ]
S

EXPERIMENT s "
Y 1
The silicon nitrides films have been deposited by DECR- . Seeerosilite,,
PECVD technique from ultrapure Sjthnd N, gas mixtures E 03 ToT 50 h
on both n- and p-type doped(100) Si substrates. Before
deposition the substrates received a standard RCA cleaning Binding Energy (eV)
The deposition conditions had been optimized previo&Sly:
they correspond to a gas flow ratio,/$iH, of 19, a total FIG. 1. XPS spectra of (100)Sikl, for normal () and 40°

flow rate of 20 sccm, a pressure to 0.3 Pa, and a microwavhotoelectron escape angles; layer thickness of 20 A.
power of 1500 W. The deposition temperature was estimated _ _
to 100 °C. For these conditions the deposition rate-B)  sample. The error is estimated Agy= *+0.0002. The mag-
Almin. Films with thickness between 20 and 600 A havenetic field was modulated at 100 kHz with amplitudes of
been grown. After the film deposition the samples were thertypically 2 G. The EPR spectra were taken under slow adia-
mally annealed at 450 °C for 30 min in an argon gas atmobatic passage conditions to exclude line-shape distortions
sphere. As shown in Ref. 20, this annealing leads to thgenerally encountered when working under rapid passage
formation of a high-quality interface with midgap interface conditions or in second-harmonic detection. The spectra
state densities in the>610'° eV -1cm 2 range and a fixed were typically iterated~10 times to improve the signal-to-
charge density of X 10*? cm 2 noise ratio. The total angular-dependent EPR spectra were
The film composition has been analyzed by nuclear miihen analyzed by a computer-assisted decomposition in their
croanalysis: it corresponds to total concentrations[ldj  different components. For each component of the spectrum
=(5.2£0.2)x 107 at/cn?, [Si]=(3.6+0.1)x10? at/cn?, the line shapesGauss, Lorentz, and Voigtthe position,

[H]=(1%+0.5)x 10?7 at/cn?, [0]=(0.2+0.06)x 107>  Wwidth, and amplitude were determined. The absolute spin
at/cn?. This corresponds to a nominal stoichiometry of concentrations were obtained by comparison with an
[N]/[Si]=1.44, i.e., the films are slightly nitrogen-rich. Al;03:Cr spin standard sample purchased from the National

The XPS measurements have been performed with a nofgureau of Standards.
monochromatic Mgk« source and the photoelectrons were
detected for two differentl4® and 64° from normalescape XPS STUDY OF THE Si/SkN , INTERFACE
angles. The Si g, N 1s, and O % spectra were analyzed.

The two spin-orbit components of the Sp Zpectra were The (100)Si/SiN, interfaces and the composition of the
decomposed assuming a spin-orbit coupling constant of 0.63is/N, layer were first characterized by a series of XPS mea-
eV and a ratio ofl gjpp1/of | sizpzi7=0.5. surements. The core-level spectra of i A 1s, and O &

For the EPR measurements, samples with a typical size ofere measured in samples with th20 A) or thick (200 A)
2X20 mnt were prepared. Th&-band (9.4 GH2 EPR nitride films. To probe the localization of the small oxygen
measurements were performed both at low temperatire contamination in the 20 A thin i, layers, XPS measure-
and 32 K as well as at room temperature. For the determi-ments for two different escape angles were taken.
nation of theg values the microwave frequency was mea- A typical Si 2p XPS spectrum for a 20-A-thick nitride is
sured by a frequency counter and the magnetic field washown in Fig. 1a). It is composed of two main spectra at 99
determined by a microprocessor controlled Hall probeand 101.6 eV, which are decomposed in the usual spin-orbit
(Bruker BH15. The g factors were in addition calibrated at doublets(Table l). From their energy positions they are at-
low temperature relative to a Si:P standard samfge tributed to Siin silicon(Si°) and Siin SiN, (Si**), respec-
=1.9985 and at room temperature relative to a MgO:Mn tively. The chemical shift of 2.7 eV is characteristic of Si in
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TABLE 1. Parameters of the Si 2 XPS spectra of " ' " " '
(100) Si/SiNy; layer thickness 20 A, detection angle 14° from nor-
mal.

Transion ~ E(eV) FWHM (V) L/IG (%) | (%) = [001]
(2]
SP 2pd 98.81 0.95 0.3 14.9 E 20
sP 2pt 99.42 0.95 0.3 75 g
o
st 2pd 10146 1.58 48.9 50.5 = 44
S 2pk 102.07 1.58 48.9 25.2 B 55
si* 103.06 1.38 8.3 1.9 o [111]
o 85
1]
SizN,. In the case of a SiQoxide layer, the corresponding {ag
shiftis 3.9 eV and if the layer were of the S, oxynitride [110]

type intermediate shifts should be foufid?

The fit reveals an additional small intens{B.8%) peak at
103 eV, which we attribute to & _in SiO,. Its Iow_ intensity 3320 3330 3340 3350 3360
does not allow a decomposition into the two spin-orbit com- Magnetic Field (G)
ponents. To probe the depth localization of this oxide, we
have measured the intensity of this peak equally for a detec- FIG. 2. EPR spectra of (100)Si8l, as a function of the ori-
tion angle of 64° from normal incidence. As seen in Fig.entation of the magnetic field;=4 K; the line(]) is an isotropic
1(b), it increases from 2.8% to 4%. This result indicates thatreference line from the sample holder.
the oxide layer is mainly situated at the surface of the nitride )
layer. It confirms ion beam analysis, which had already re{Fig- 5 in the case of g-type substrate. The computer-
vealed that a thin oxide layer is formed at the outer surface ofSSisted decomposition is straightforward, as the absolute in-
the nitride, when the layer is exposed to ambient conditionsi€nsities of each line as well as the angular variation of the
The absence of an oxide layer at the interface is due to thBbo C€nter linewidth put strong constraints on this decompo-
action of H, in the ECR plasma, which is known to take off sition. The slow passage COI’]dItIO.nS under_wh|ch the EPR
any residual native oxide surface Iaﬁér. spe_ctra were recorded are essential to avqlq I|n.e-shap_e dis-

In the previous XPS and EPR study of the (111) SNSi tortions, which would render th_e Qec_:omposmon impossible.
interface!® obtained by thermal nitration in Njin addition The Py, defect, the characteristic interface defect of the
to the surface oxide layer a thin oxide layer at the interface(loo)s'/SIQ interface, is not observed. .
had been observed. Its presence is certainly of importance for The same three spectra are equally ot_)served with un-
the nature and concentration of the interface defects. It haahang_ed parameters at 32(Rig. 6); due to different _relax-

tion times for the three defects the apparent relative inten-

been attributed to an insufficient substrate preparation, i o
which the native oxide layer had not been fully removed Sities are modified. In thertype samples the phosphorus

Under our DECR PECVD deposition conditions only 2.8 spectrum from the substrate is in addition observed at 32 K.

at. % of oxygen are incorporated in the layer and the inter- At r_ﬁom I'Een;)peratudre th@{’;\)’ center and the Si db s;?nal
face does not contain a residual native silicon oxide layer. are still well observed at mW microwave powers, whereas
theK center, which has shorter relaxation times, is no longer

observedFig. 7).

EPR RESULTS

Typical EPR spectra of a-type (100)/SiN, sample for 20 P Sidb T

different orientations of the magnetic field betwegij 001]
Bl[110] are shown in Fig. 2; they were taken at a tempera-
ture d 4 K and a microwave power of ZW. The spectra "\..H
show a strong angular dependence. A detailed analysis of the 20r
angular variation of the spectrum measured at different mi-
crowave powers, temperatures, and for different dielectric
layer thickness demonstrates that the total EPR spectrum can
be modeled as the superposition of two isotropic one-line
spectra and one anisotropic spectrum of trigonal symmetry
(Fig. 3. Based on theig factors, linewidths, and line shapes, Bof

the spectra are attributed to tKecenter in the nitride layer, CH\"'(
the silicon dangling-bond defect, and tRg, interface de- 100 : : :
fect, respectively(Fig. 3. The total spectrum is quantita- 323 3330 3333 3340 349

tively decomposed for all orientations in the sum of the EPR Magnetic Fleld (6)

spectra of these three different defects. Figures 4 and 5 show FIG. 3. Angular variation of the EPR spectra of tRg, center,
this decomposition for the three principal orientations of thesj dangling bond, and th center; simulatior{line), experimental
magnetic fieldFig. 4) and as a function of microwave power points (circles.
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FIG. 6. Decomposition of the total EPR spectrum takerm at

db, K center, and reference lines; the experimental spectrum, the-32 K in the Py, Si dB, K center, and reference lines; experimen-
individual lines, and their sum line are shown for three magnetictal spectrum, sum line, and individual lines are shown for three

field orientationsT=4 K.

Identical EPR spectra were observed for both niktgpe
andp-type conducting substrates.

Ppo INTERFACE DEFECTS

The anisotropic part of the EPR spectrum is well simu
lated by a spirB= 3 defect with trigonal point symmetry and
principal values of they factor of g,=2.0018+0.0002 and
g, =2.0089+0.0002. TheX-bangd line shape is Lorentzian
with a peak-to-peak first derivative linewidth varying be-
tween 3.2 and 4.8 G fdBll[111] andB.L[111], respectively
(Fig. 4). The g tensor and theC;, symmetry identify this
defect as thé®,,, center. The principal values of tlyetensor

" BA111]

EPR Signal (arb.units )

3320 3330 3340 3350 3360

Magnetic Field (G)

FIG. 5. Decomposition of the EPR spectra of (100) SNgifor
three different microwave power8I[111], T=4 K; the experi-

magnetic field orientations. As the substrate-type doped and we
observe in addition the two EPR lines from the phosphorus donor;
only the low field phosphorus line is visible in this field range.

are very close to those previously observed for g cen-

ter at the (100)Si/Si@interface and the?, centers at the
(111)Si/SiO, and (111)Si/SgN, interfaces(Table 1I). This
result is surprising as the nitride interface due to the different
coordination of N as compared to O might be expected to
contain different interface defects. This result could be un-
derstood if the defect structure around the Pb defect is more
extended than generally assumed, i.e., one unbonded Si atom
with all nearest neighbors in the interface plane bonded to

100 | i -"' Sidb ‘ .
| codb = o' j4l [001]
e
8 ]
e [111]
40db 3 “
o g
o ¥ AN
I} il A4, \
e i 1110]
” i Iwﬂm. il
30db 100 11 “m 1

3420 3430 3440 3450 3460
Magnetic Field (G)
FIG. 7. Room-temperature spectra of mtype (100)Si/SiN,

layer and the decomposition i,y and Si db lines for three field
orientations: the experimental spectrum, Byg and Si db lines, as

mental spectrum, the individual lines, and their sum line are shownwell as their sum line are shown.
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TABLE Il. Comparison of principab values of the trigonaPy, ,P,q centers at various nitride and oxide

interfaces.

Defect Py Py Puo Puo Py ,Ppo

type of (111) Si/SiQ  (111) Si/SiN,  (100) Si/SiIQ  (100) Si/SiN,4 porous Si

interface

(ol 2.0014 2.0015 2.0019 2.0018 2.0017-2.0020

g, 2.0088 2.0081 2.0081 2.0089 2.0082-2.0090

oxidation standard 1120°C NH  170°C oxide 100°C varies with

nitridation 1000°C +1200°C deposited- porosity,

conditions oxide annedl, 450°C oxidation
anneal conditions

Reference 7 17-19 10 this work 9 and 24

oxygen atoms. Indeed the electron nuclear double resonanpeesence of thd?,, defect at the(100 interface with, in
particular, nearly unchanged spin Hamiltonian parameters as
silicon had shown a distribution of hydrogen passivated Stompared to (111)Si/SiQinterfaces—including the silicon
interface atoms surrounding the paramagnetic Pb centecentral hyperfine and super hyperfine tensors—is difficult to
Such a structure could explain that we observe in all casesonceive. We have recently argdédithat a loca111) facet

the same basically “isolated” paramagnetic Si dangling-formation at (100)Si/Si@interfaces is a probable explana-

(ENDOR) studies of the Pb centéf<® in oxidized porous

bond defect.

Whereas this explanation is easy to conceive (fotl)

oriented interfaces, the case @00 interfaces is certainly

more complex: rigorously, at a nonreconstruct@®0 Si
surface, Si dangling-bond defects of the form-Si- (i.e.,

tion (see Fig. 9, which should be considered in the interface
modeling?® We will come back to this point in the Discus-
sion.

The linewidth of theP,, center and its variation with the
magnetic field orientation reflect in addition a distribution in

Ppo center$ with exactly trigonal point symmetry should not the microscopic configurations of this defect. It has been
occur due to the nonequivalence of the three Si bondinghown previously in the oxide case by EPR measurements at
atoms (Fig. 8. Even in the original Poindexter model for different microwave frequencies that the linewidth increases
Ppo, + which places thePy, center in a transition layer be- proportionally to the microwave frequency; it is thus due to a
tween Si and Sig) the three Si nearest-neighbor atoms arenonresolvedg-tensor distribution. The observed anisotropy
not equivalent. Further, in this model an oxygen atom iswith Ag,<g, has been explained by first- and second-order
situated at a nearest-neighbor distance from the Pb centesffects of variations in bond length and angles ongheand
which is difficult to reconcile with the weak’O hyperfine g, values, respectively. In the case ofl$j the superhyper-
interaction observed for this deféét®* As concerns the ori-  fine (SHP interaction with the nuclear spins &N, 15N can
entation of the symmetry axis of th,, center, only two give rise to an additional isotropic broadening. The linewidth
directions are possible in a givéf00 plane, whereas four of AB,=3.2 G measured here must be compared to the typi-
orientations are in general experimentally observed. Thus theal value of 1.6 G observed in the case of silicon oxide
interfaces. The linewidth shows only a very weak tempera-
ture dependence: we have compared the linewidths for the
same sample at 4, 32, and 293 K. Fi{111] we find,
respectively, values of 3.4, 3.2, and 3.0 G. To distinguish the
contributions to the linewidth by the SHF interaction with
1N, ™N nuclei from that of increased interface roughness at
the nitride interface(g-tensor distributioly additional EPR
measurements at higher frequencies are required.

FIG. 8. (100 Si interface plane with two possible Si dangling-
bond configurations, the center one corresponding to the Poindexte
model; the small black circles represent nitrogen or oxygen atoms;
both configurations lead to nonequivalent first-nearest-neighbor at-
oms for the Pb center; only two orientations for the nonborsigtd
orbitals of the interface atom are possible.

FIG. 9. (100 Si interface plane with #111) facet plane at a
two-atomic-layer step.
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The concentrations of thB,, centers in the 450 °C an- characterized by g value ofg=2.0028 and a peak-to-peak
nealed samples are between (5720 cn?. This concen-  linewidth of 2.4 G, observed without any uv illumination,
tration can be compared with those determined by electricdiad been attributed to th€ center. However, given the mul-
measurements if we take into account that the Pb centers dtiple results for theK centers now available, this attribution
to variation in their local environments gives rise to-af.2  seems to be erroneous. Indeed, the small linewidth and its
eV wide distribution of the electrical levels. As in EPR, the frequency dependence seem more to be in favor of a 19° Pb
total Pb center concentration irrespective of the particulacenter, often observed in samples with rough interfaces.
position of the electrical-/0 level in the gap is seen, and the ~ The concentration of thé centers in the 100-A-thick
EPR concentration of Pb centers is of course higher than th8izN, layer not submitted to post growth uv excitation is
minimum value ofD;; at midgap generally cited in electrical (3—5)x10"" cm™3,
characterizations. The value of (5-¢)0" cn? is thus in
agreement with the one deduced from the electric@V/)
measurements were the minimum interface defect density at

midgap was measured a0 ev-1cm 22

Si DANGLING-BOND DEFECT

In addition to theK center we observe equally a second
isotropic EPR spectrum, characterized bygafactor of
2.0055, a linewidth of(5.5+0.5) G, and a Gaussian line
shape. These parameters clearly identify this defect as a

The EPR spectrum of thi€ center is characterized by an - Si-Sk defect in an amorphous matrix. Two probably coex-
isotropicg factor ofg=2.0037 0.0002, a linewidth of12.0  isting sources for this defect can be considergp:Si db
+0.5 G, and a Gaussian line shape. TKecenters, which defects at the amorphous surface of the cleavage planes of
are bulk defects, have been previously identified as dhe EPR samples as well 85 - Si-Si; volume defects in the
threefold-coordinated Si dangling-bond center, where the Sbi;N, layer. This defect is well known to be formed on
atom is bonded with one, two, or three N atoms,cleaved silicon surfaces and can be eliminated by a treatment
respectively’’?® TheK centers were mainly studied in thick, in boiling hydrazine. We did not want to apply this treatment
amorphous hydrogenated ;8j layers deposited by CVD to our thin SiN,4 layers to avoid any structural modification.
technigues from Siland NH; or N,O gases. In CVD de- We have found that an additional 450 °C annealing, which
posited layers this center is not observable by EPR in thexidizes these cleavage surfaces, strongly reduces the con-
as-deposited state, but only after uv illumination. Photoexcicentration of the Si db centers. It cannot be excluded that the
tation with energies above 5 eV generates free electrons andmaining Si db defects are intrinsic defects of thgNgi
holes, the capture of which transforms tKecenter in a layer but further separate studies are necessary to assign
paramagnetic charge state. The situation is different fothese defects.
PECVD prepared layers, where they are observed without
any post-deposition uv illumination. It is supposed that the
uv light emitted by the plasma generates paramagrnétic
centers during the entire deposition process. This situation is The DECR-PECVD deposition techniques allow us to de-
analogous to the one of the PECVD deposited S&ers, posit silicon nitrides films of various stoichiometries, which
where the paramagnetic positively chargéd center is range from slightly nitrogen-riciN]/[Si]=1.44 over sto-
equally observed in the as-deposited dielectric 1&Yer. ichiometric composition [N]J/[Si]=1.33 to silicon-rich

The g factor of theK center is dependent on the local [N]/[Si]=1.2. These films contain in addition high amounts
bonding configuration Sk; and can thus be used as a probeof hydrogen in the 10—-18 at. % range. The physical proper-
for the composition of the nitride layer: indeed, studies ofties of the film and the interface structure depend on the
this defect in silicon nitride layers of different compositions stoichiometry. Our deposition conditions were chosen to op-
SikN, have showtf that for theK centers in stoichiometric timize the electrical properties of the nitride layer; for films
SisN,4 layers where the nearest-neighbor configuration of thavith a N/Si ratio of 1.44 we obtain minimum fixed nitride
K center is* Si-Nj, theg factor is 2.0030. Substitution of one charges(1.6 X 10 cm ~2), a minimum interface defect
of the N neighbors by a silicon atont $i-N,Si) increases density of 6x10'° eV tcm 2, and high critical fields.
the g factor to 2.0033; further substitution leads to the The first important result obtained in this study is the
factors of 2.0040 {Si-NSi) and the *Si-SiSi dangling- nonobservation of theP,, center, the defect generally
bond defect has itg factor of 2.0055. The linewidth depends thought to be characteristic of all (100)S¥Siype inter-
also on the configuration due to tiigenerally nonresolved faces. As we have been able to measure the interface defects
hyperfine interaction with the'N (I=1) and **N (I-3)  up to room temperature, it seems clear that long relaxation
nuclei: whereas the Si-Scenter has a linewidth of typically times, which can render low-temperature EPR measurements
(6x1) G, this width increases te-13 G for Si-N;. These of paramagnetic defects difficult, are not the reason for the
assignments based on experimental results were confirmegbnobservation oP,. It follows, therefore, thaP,; centers
by the modeling of theg tensor for the different defect are not characteristic defects of tfE00)/Si/dielectric inter-
complexe<® The g factor of 2.0039 demonstrates that e  faces, but of the (100) Si/SiOnterface. Their presence must
centers observed in our layers have a configuration be related to the oxygen bonding configuration in the transi-
-Si-SLN; the occurrence of such defects in N-rich films is tion layer close to the interface. This result is qualitatively
certainly related to the low deposition temperature. confirmed by DLTS measurements on similarly prepared

In the previous EPR study on thermally nitrided (100Si/silicon nitride structures, which had revealed only
(111)Si/SkN,4 (Refs. 17—19a quite different EPR spectrum one DLTS peak aE.-0.25 eV, the characteristics of which

THE K CENTER

DISCUSSION
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TABLE Ill. X-band peak-to-peak linewidths at=4 K for P, and P, centers at various nitride and
oxide interfaces.

defect Py Py Py Puo Puo

type of interface  (111) Si/Si® (111) Si/SiN,  (111) Si/SiN, (100) Si/SiQ (100) Si/SiN,
AB,pp(G) 1.8 5.5 5.0-6.8 2.7 3.2
AB, pp(G) 3.3 5.5 6.0-7.3 3.7 4.8
nitridation thermal @ thermal NH; thermal NH; thermal Q deposited at
conditions at 920°C aty=1120°C atTy=1120°C at 950 °C 100°€

+anneal at +anneal at + anneal at
835 °C under +anneal at +anneal at 650 °C 450°C
vacuum Ty under N Ty under N under
vacuum
Reference 19 17 and 18 19 6 this work

correspond well to thé®,, defect at the Si/SiQ interface. ~around the mean value &;—E; andE,+Ey/ for the —/0
No DLTS peak attributable t®,, had been detected. and O/ charge states. The minimugafactor distribution is
The only paramagnetic interface defect observed is th@bServed foBI[111] where(X band first derivative peak-to-
Ppo center with trigonal point symmetry with a symmetry peak I|n_evv_|dths of(l.StO._Z) G are founc(TabIe D). In our
axis parallel tg111]. Its g tensor and hyperfine interactions (100) Si’SgN, samples this value is increased(®2+0.2)

. . g G and for thermal nitrides afl111) Si this value is even
(dgtermmed for the oxide case o_hlarg in good agreement higher with 6 G. It has been already argued in Ref. 19 that
with the model of a paramagnetic Si atom bonded to thre

. ) . : . , his increase is due to larggrtensor distributions and not to
equivalent first-nearest-neighbor Si atoms. This conﬂgura.fhe additional hyperfine interaction with tH&\, °N nuclei.
tion is the natural one for nonbonded interface atoms at th :

@ve observe therefore an increase in interface roughness from

(111 oriented interface and suggests the idea of a partiallsio, over deposited nitrides to thermally grown nitrides.
(111 faceted(100 Si interface. Such a model had already  The concentration of theP,, centers is in the mid

been proposed previously on the basis of electron microsygll ¢m =2 range after 450 °C annealing. This value is lower
copy results* and from the EPR studies in porous silicof.  than the concentration o, centers found in the case of
The exper!mentally determined intensity of each of the foulthermally grown(111) Si/SiN, interfaces, where concentra-
Pho EPR lines allows us to develop this model further. As-tions in the 18* ¢cm™2 range have been found. The decrease
suming thePy,, centers to be localized ofi1l) facets, we in the interface defect concentration is similar to the oxide
can estimate the relative area of each of the four differentlcase, wher¢100) oriented interfaces have about fibers times
oriented(111) facets from the intensity of eadh,, line. The  lower defect concentrations thai11) oriented ones. For
experimental results show that the four facet orientations d&CR-PECVD grown(100) Si/SkN, samples the minimum
not occur with the same probability. For the rotation of theinterface state density;; depends in addition on the stoichi-
magnetic field in thg110) plane two of the EPR lines are ometry of the nitride layers: for nitrogen-rich layers a change
degenerate and in the case of random distribution we shoulé the composition froniN]/[Si]=1.4 to 1.5 leads to a mo-
observe a 1:2:1 intensity distribution of the EPR lines. How-hotonous  increase in  the D;; from 2 to
ever, we do observe Systematica”y values of ZGFng 20x 10'* e_\/‘lcm_z.gl This variation is correlated Wlth the
3-5), which indicates that the facets are not randomly ori-concentration of N-H bonds, and a model which links the
ented. In fact, such a distribution corresponds to an ensembfesence of N-H bonds near the interface with the Pb center
of parallel oriented facets, which outnumber the perpendicuformation has been propos&d. , .

lar oriented facets by 3:1. Such a situation would arise natu- Whereas in LPCVD $N , layers deposited at 600 °C the

rally if parallelly oriented steps had been formed at the in-< Centers have the expected coordinatici-N 5 (g factor
terface in the initial deposition stage. g=2.0030 and linewidtA Bpp=13 G, their coordination in

The principal values of thg tensor are rather insensitive 'OW-témperature PECVD layers with a stoichiometric com-
to the interface orientation and chemical composition of the0sition or slightly N rich is- Si-N,Si""™ The K centers,
dielectric (Table 1. This finding is in agreement with an Which are paramagnetic in the neutral charge state, can trap
extended defect structure around the Pb defects, which rdoth electrons and holéé The concentration observation be-
sults in basically “isolated” Si dangling-bond defects. The forg uv iIIuminat!o_n is_thus rel_ate_d to the electrical compen-
linewidths of the Py, center give additional information Salion. Electron injection studies in ogglay&showalower
about the microscopic configuration around the defects. imit of electron traps of 510" cm %, which correlates
has been established for tRg, center at the oxide interface Well with the concentration oK centers measured by EPR.
that in addition to inhomogeneous broadening due to nonrel NUs theK centers are the dominant electron traps in these
solved hyperfine interaction with’Si nuclei the linewidth is  2Yers:
determined by a nonresolved-tensor distribution. The
g-tensor distribution reflects the different local environments
of the Py, center, in agreement with the electrical measure- The interface obtained by low-temperature deposition of
ments, which have shown ar0.2 eV wide level distribution  Si;N, on (100 Si is characterized by the presence of only

CONCLUSIONS
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one paramagnetic interface defect, thg center, at concen- position[N]/[Si]=1.44, contain one main electron trap, e
trations of 5x 10'* cm 2. ThePy,; center, systematically ob- center, in the configurationSi-N,Si.

served at (100)Si/SiQinterfaces, is absent at this interface.
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