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The structure and chemistry of silicon oxide-nitride-oxi@NO) stacks on silicon with differently processed top oxide layers

were analyzed using high-resolution transmission electron microscopy, electron energy loss spectroscopy, secondary ion mass
spectroscopy, and X-ray specular reflectometry. The changes observed in the structure and chemistry of the ONO stacks were
correlated with the electrical performance of these stacks in flash-memory devices. The results demonstrated that using larger
thermal budgets to form the top oxide layer yielilsbroader N distribution across the nitride/oxide interfacés, feduced H

content at the Si/SiQinterfaces, {ji) increased density of the top oxide layer, and ultimately) (mproved electrical perfor-

mance of ONO-based memory devices.
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Silicon oxide-nitride-oxide amorphous multilayg@NO stacks a top oxide(8-13 nm formed either by nitride reoxidatiofONO-S,
attract considerable interest as the charge-storage media in nonvol®NO-L) or deposited using LPCVD from tetraethoxysildi&0S
tile memory deviced? Ultrathin ONO stacks are commonly pre- (ONO-TEOS; the processing conditions are summarized in Table I.
pared by thermal growth of a SjQayer (bottom oxide on silicon, The processing parameters were adjusted to obtain similar thick-
followed by low-pressure chemical vapor depositiPCVD) of nesses of the corresponding layers in different ONO stacks.
SisN,. Subsequently, the top oxide is either grown by the nitride ~ The X-ray specular reflectometry measurements were conducted
reoxidation or deposited by LPCVD. The typical thickness of indi- Using automatic grazing incidence RigakiXR? X-ray reflectome-
vidual layers in the ONO stacks ranges from 5 to 15 nm. The criticalter equipped with a rotating anode generator and a channel-cut Ge
structural and compositional parameters that affect electrical perfor{220) monochromator. Cu &; radiation was used. The incident and
mance of the ONO-based devices include the physical density of theeflected beams were collimated and the reflected intensity was mea-
amorphous oxide/nitride layers and the depth distributions of thesured by a scintillation counter. The specular reflectivity was re-
oxygen, nitrogen, and hydrogen atoms. Few systematic studies thatorded in a 8 scan from 0 to 10°. The density and thickness of each
analyze the effect of processing conditions on these parameters ilayer in the stack, as well as the interfacial roughness, were deter-
stacked ONO structures have been repott®8ome of these studies mined by analysis of the experimental data using commercial
observed ONO stacks to consist of well-defined layers o, %i@ ~ Rigaku software. _
Si;N,>* with no significant nitrogen content in the oxide layers. ~ The cross-sectional specimens for TEM were prepared by con-
Other studie3® revealed considerable concentration of nitrogen in Ventional sectioning, grinding, and polishing followed by dimpling
the top oxide layer of the ONO stacks, as well as the segregation of0 a thickness of 2um. The thinning was completed until perfora-
nitrogen to the bottom SiISi interface. Reports of artifacts asso- 10N €ither in the Gatan precision ion-polishing systénkV, 4°) or
ciated with nitrogen segregation to the $iSi interface during N the South Bay ion-milling systerts kV, 10°) with the specimen
spectroscopic measuremeritsadded to the confusion in the inter- cooled to —80°C; both .|on-th|nn|ng procedures produced similar
pretation of the existing data. The optir&iom the electrical per- results. Pha}se-contrast imaging and some EELS measurements were
formance point of view nitrogen profile in the bottom oxide of ~conducted in a JEOL-3010 UHEBOO kV, LaB; sourcg HRTEM
ONO stacks remains a subject of deb3tBAt present, incomplete ~ €quipped with a GATAN imaging filte{GIF). Recently, we reported
understanding of the processing-structure/chemistry-properties rela-
tions impedes rational optimization of the processing parameters for
the ONO stacks. The present work is aimed at a systematic study of
these relations in the ONO stacks for flash-memory applications. We
applied both spatially resolved electron energy loss spectroscopy
(EELS) in a transmission electron microsco@&EM) and secondary
ion mass spectroscof$IMS) to analyze elemental distributions in
the differently processed ONO stacks, while the densities of indi-

f The identification of any commercial product or trade name does not imply en-
orsement or recommendation by the National Institute of Standards and Technology.

Table I. Processing of ONO structures.

vidual layers in these stacks were determined using X-ray specular Specimen Processing
reflectometry(XRR). The results of structural/compositional analy- ONO-S 1. Bottom oxide: dry oxidation in dilute Qat 900°C.
ses were subsequently correlated with the electrical performance of 2. Silicon nitride: LPCVD in (SiHCI, plus NH;)
the ONO stacks in flash-memory devices. mixture at 700°C.

3. Top oxide: steam oxidation at 1000°C.
Experimental

. . ONO-L Larger(Xx2) initial thickness of nitride layer
The ONO stacks chosen for this study consisted of a thermally Lon%er(nitr)ide reoxidation Y
grown bottom oxide(6-7 nm), a silicon nitride (6-15 nm layer
deposited from the mixture of Sigl, and NH; using LPCVD, and ONO-TEOS TEOS top oxide570°Q
ON Stacked oxide-nitride structure
2 E-mail: igor.levin@nist.gov BOX Single-layer thermal oxide
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Figure 1. Typical HRTEM image of ONO stacKThe image was recorded
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from the ONO-TEOS specimen.
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Figure 2. Profiles of the O-K and N-K integrated intensities across the
ONO-L stack for the beam-scans which originated in(#@eSi-substrate and
(b) poly-Si cap layer. Similar profiles were obtained for ONO-TEOS.
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Figure 3. (a) Profile of the O-K integrated intensity across the ON stélok.
Si-L, 3 EELS profiles for the SiQand SiN, layers, and the top surface of
the ON stack. The shift of the Siyl; edge at the top surface is consistent
with formation of the oxynitride. These data were recorded using GIF in a
fixed-probe TEM.

that electron-beam irradiation of the nitride layer in the ONO stacks
induced nitrogen segregation to the Si/SiBterfaces the artifact
occurred even at relatively low radiation doses. Subsequently, we
developed a procedure for artifact-free EELS measurements of ni-
trogen profiles across the bottom SiSi and the top Sig@/poly-Si
interface In this procedure, EELS spectrum images were recorded
in a dedicated scanning TEM VG HB5000 kV, cold field-
emission sourgeequipped with an Enfina EELS syste(@atan,

Inc.), which incorporates a charge-coupled devi€&€D) detector.

The specimen was cooled down to liquid nitrogen temperature to
prevent contamination buildup. The electron prébel.5 nm diam

was scanned over an area encompassing the ONO stack, and EELS
spectra containing the Sily, O-K, and N-K edges were recorded

at each poin{pixel); the pixel size was kept close to 1 nm. Scans
originating in the Si substrate and poly-Si cap layer were used to
probe the Si/Si@and poly-Si/SiQ interfaces, respectively; for each
scan a freshly irradiated area was used. EELS spectrum images were
acquired using a probe currente.1 nA and a dwell time of 0.1 s.

The beam was scanned parallel to the interfaces, and the individual
spectra in the spectrum images acquired were summed along the
scan-line direction to ensure sufficient counting statistics. Specimen
drift during the data collection was corrected automatically by using

a cross-correlation routine. The spectra were further processed to
remove the spectral background, and the intensity under each edge
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Figure 4. SIMS depth profiles of elemental distributions in tfa& BOX and(b) ON specimens. The contents of N and H were quantified using stan(eiitds
axig). The data for Si and O were not quantified and are presented in co(nigbtsaxis.

was integrated over a 10 eV energy window. Finally, the distribu- reduced density of negativéchemical”) charge trapped in the top

tions of integrated intensities were obtained as a function of spatiabxide layer of this stack? The size of the memory window, defined

coordinate. as the difference between the valueswvifin the programmed and
SIMS measurements were conducted in a Physical Electronicshe erased states, was 1.5 V. The memory transistors were subjected

ADEPT 1010 quadrupole SIMS instrument. The spectra were acto endurance/retention test consisting of 10,000 program/erase

quired using the Cs- 1 keV primary ion beam at 60° to the surface cycles followed by a bake fdl h at250°C. The difference in thet

normal; the primary ion-beam energy and incident angle were chovalues before and after bakelosure of the memory windowwas

sen to optimize the depth resolution of the analysis. The H and Nused as a measure of the device quality.

concentrations were quantified using silicon oxynitri8e&ON) stan- . .

dards [characterized using nuclear reaction analy®iRA)] and Results and Discussion

verified for accuracy with the use of a standardized control sample. Compositional profiles.—EELS-A typical HRTEM image of

Detectiogn limits for N and H were estimated to b@<‘_‘1018 and  {he ONO stackFig. 1) reveals well-defined oxidébright) and ni-
2 x 10" atoms/cr, respectively. The spatial scale in the SIMS tride (dark layers. EELS measurements for both ONO-L and ONO-
depth profiles was normalized to the total thickness of the corre-TEQS specimens yielded similar profiles of O-K and N-K charac-
sponding films, as measured by XRR. Measurements on the ONQgeristic intensity distributiongFig. 2). Artifact-free measurements
stacks with and without a poly-Si cap layer yielded identical results.revealed no detectable nitrogen segregation to either bottom
Electrical characterization of ONO-based memory cells was con-gjo, /s (Fig. 2a or top SiG/Si (Fig. 2b interfaces; the detection
ducted using thenicroFlash memory transistorlower Semicon- jimit for nitrogen was estimated to be about 1-2 atom(Béote that
ductor, Ltd., Migdal Haemek, Israednd metal-oxide semiconductor  the ragiation-induced segregation of nitrogen to the same interfaces
(MOS)-type capacitors with poly-Si electrodes. TheicroFlash a5 readily detectableThe O-K intensity typically decreased to a
memory devices featufé’ 2 bits per SONOS transistor, where the noie level(2-3 atom %, 3) in the middle of the nitride layefFig.
local charge trapping occurs in the nitride layer of ONO. The 3p) ccasionally, somewhat larger O-K intensity in the nitrigia.
memory cell is programmed using the channel hot electrons, whileyy) |ayer was observed and attributed to the beam-induced oxygen/
the erasing is accomplished by injecting holes generated by thgirogen diffusior? Existence of such beam-induced diffusion pre-
band-to-band tunneling. Transistors based on the three types dfjded reliable assessment of oxygen profiles in the nitride layers of
ONO stacksgONO-S, ONO-L, and ONO-TEOS, see Tablewere  ho ONO stacks.

analyzed. Each transistor represented an element of the crosswise- gy the ON specimen, the presence of oxygen was detected in the
patterned memory array and featured an effective channel lengthyin surface layetFig. 3a, which indicates oxidation of the nitride

L = 0.30 um and channel widtfiword linewidth W = 0.35um.  grface upon exposure to &4 The energy of the Si-L; edge for

The initial (before cycling values of a threshold voltag¥, (drain the oxidized nitride surface is highéoy about 1 eV than that for
currentld = 1 pA, and drain bias voltagé€dd = 1.6 V) were 1.42  the underlying nitride laye¢Fig. 3b), consistent with formation of a

V (ONO-9, 1.85 V(ONO-L), and 1.58 V(ONO-TEOS, respec-  silicon oxynitride at the surface. This oxidized layer presumably
tively. The difference in the initial values oft for ONO-S and  remained at the interface between the nitride and the top oxide lay-
ONO-L stacks was associated with the different thickness of the topers in the final ONO stacks, especially those with a TEOS-deposited
oxide. In contrast, lowelt for ONO-TEOS was attributed to the top oxide. Apparent oxidation of the nitride surface correlates with
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Table II. Surface concentrations (atomgcm? of N and H. The interface, as evidenced by the well-defined plateau in the corre-

H1, H2, and H3 correspond to the top SiQ/poly-Si interface, the sponding nitrogen profile. In contrast, both ONO-S and ONO-L
nitride layer, and the bottom SiO,/Si interface, respectively? stacks exhibited a much broader distribution of nitrogen across the
top oxide/nitride interface, which is consistent with the top oxide
Sample N H1 H2 H3 grown by nitride reoxidation. Present SIMS data do not provide
BOX 52 % 108 — — 37 % 105 conclusive evidence on the exact distribution and the amounts of

nitrogen in the bottom oxide layers of ONO stacks; unfortunately,

6 — 5 3
8Eo-s i(l)i igs 28 % 104 jgi 18114 g'gi 18113 back-side SIMS measurements which could resolve these issues
ONO-L 10 % 10° 49 x 104 72 x 104 22 x 101 were not available for this study.
ONO-TEOS 0.8 x 10 24 x 10 7.8 x 10" 3.7 x 109 XRR measurementsBoth the density and thickness of indi-

vidual layers in the three ONO specimens as measured by XRR
(Fig. 6) are summarized in Table Ill. The statistical uncertainties
(20) for the thickness and density measurements were about 1%.
. . . . The XRR-derived thickness values agreed well with those measured
relatively poor reproducibility of electrical properties for the ONO- ¢ " the HRTEM images: the scale in the HRTEM images was
TEOS capacitorgsee th.e following, where the extent of oxidation calibrated using{111 lattice fringes of Si. The three ONO speci-
could control the electrical performance. mens exhibited similar densities for the bottom ox{@el8 g/cn‘%,
SIMS—SIMS measurements on the single-layer thermal bottom ox-which were significantly larger than those of the top oxide layers in
ide (Fig. 4a revealed a low concentration of nitrogésurface den-  both ONO-S and ONO-TEOS specimens. In contrast, the density of
sity 5.2 X 10" atoms/crf, Table 1) uniformly incorporated in the  the top oxide in the ONO-L specimen was comparable to that of the
layer. The incorporation of N into the oxide layer apparently oc- bottom oxide. The results suggest that longer reoxidation of the
curred from the N gas, which was pumped through the chamber Nitride increases the density of the resulting top oxide. The nitride
during the thermal oxidationT( = 900°C) 15 Additionally, the ther-  layers in the three specimens exhibited similar densities of about
mal oxide contained 3.% 10" atoms/cr of hydrogen at the —2:77 g/crﬁ._XRR measurements for the single thermal oxide layer
SiO, /Si interface. The hydrogen concentration at the 38D inter- prior to nltrldg d.e.posmon yielded an average density of 2.11 g/cm
face increased further to 9: 10" upon subsequent deposition which was S|g_n|f|cantly lower than the 2.18 g/%r_lie_duced for the .
of the nitride layer(Fig. 4b, Table I1); the nitride layer contained bottom oxide in the ONO stacks. Furthermore, fitting to the experi-

4.9 10' atoms/crA of hydrogen. The nitrogen content in the ox- mental XRR data suggested a significant density gradient in the

ide layer of the ON stack was difficult to ascertain because of theSingle thermal oxide laye(BOX), with the density varying from

potential trailing of the nitrogen signal into the oxide; still, no clear 2'.22 g/cnd for the bottom third of thgllaygr to 1.99 g/crfor the top

segregation of the nitrogen to the Si3i interface was observed third. These results suggest densification .O.f the upper part O.f _the

consistent with the EELS measurements " bottom oxide layer upon subsequent deposition/growth of the nitride
The hydrogen profiles for the compléte ONO stacks featuredand the top oxide layers; similar results were reported by Santucci

three well-resolved maximérig. 5, Table 1), corresponding to the _et al Suc_h densification can be e_lttrlbute_d, at least partly, to the
top SiO/poly-Si interface(H1), the nitride layer(H2), and the bot- incorporation of small amounts of nitrogen into the upper part of the
tom Si0,/Si interface (H3), respectively. The surface density of bottom oxide layer. According to XRR, the oxide layers in the ONO
R ) . stacks exhibited uniform densities, indicating that the XRR mea-
hydrogen at the SigSi interface, H1, decregsed progressively on g rements were rather insensitive to the broad nitrogen distributions
going from ONO-TEOS to ONO-S to ONO-L; that is, the hydrogen ;o top oxide layers of the ONO-L and ONO-S specimens.
content at the Si/SiQinterface diminished with increasing thermal
budget used to form the top oxide. The hydrogen content in the Electrical characterization—The memory transistors built with
nitride layer (H2) also decreased considerably during growth/ all three ONO stack§ONO-L, ONO-S, and ONO-TEOSeatured
deposition of the top oxide from 4.8 10'® atoms/crf for the ON  overall high endurance/retention characteristiEgy. 7). Yet the
to (7-7.8) X 10* atoms/cm for the ONO stacks; however, all three transistors based on ONO-L exhibited the lowest reductiovtan
ONO stacks exhibit similar concentration of hydrogen in the nitride. the programmed statafter cycling and bake while those based on
This evolution of hydrogen content in the nitride layers is attributed ONO-TEOS vyielded the worst performance. Note that both ONO-L
to the breaking of Si-H bonds at temperatures above 500-600°Gand ONO-TEOS stacks feature nearly identical thickness for the
upon growth of the top oxide, while the majority of the N-H bonds, oxide layers Furthermore, because the ONO stacks were processed
which are stable up to significantly higher temperatre$000°Q, at the first stages of the device fabrication, the thermal budget used
remain intact® in the processing of ONO had no influence on either the channel
The SIMS nitrogen depth profiles for the ONO stacks revealedlength or the drain engineering of memory transistors. Therefore, the
small (<1 atom/% amounts of nitrogen incorporated into the top differences in the performance of devices based on the different
oxide layers; these concentrations were below the detection limits of
the present EELS measurements. ONO-TEOS featured uniform dis- ¢ In a separate study, we confirmed that different thickness of the nitride layer had no
tribution of nitrogen in the top oxide with a sharp top $iSizN, effect on theVt degradation.

2The statistical uncertaintig®o) are about 20%.

Table 1. Thickness (nm) and density (¢ycm®) of individual layers in ONO stacks. The statistical uncertainty in the thickness derived from the
HRTEM images is estimated to be+=0.5 nm (2¢°). The relative statistical uncertainties for the thickness and density measured by XRR are 1%
(20).

Bottom oxide Nitride Top oxide
Thickness Density Thickness Density Thickness Density
Specimen TEM XRR XRR TEM XRR XRR TEM XRR XRR
ONO-S 5.8 6.4 2.18 6.4 6.6 2.76 9.1 8.7 2.04
ONO-L 6.0 6.4 2.18 7.8 8.2 2.80 12.5 12.4 2.16
ONO-TEOS 6.0 6.0 2.22 6.3 6.1 2.77 13.1 13.4 2.04
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Figure 5. SIMS depth profiles of elemental distributions in tt@ ONO-S, (b) ONO-L, and(c) ONO-TEOS specimens. The contents of N and H were
quantified using standardieft axis). The data for Si and O were not quantified and are presented in co(nigbtsaxis.

types of ONO are determined primarily by the structure and chem-factors is expected to improve the retention characteristics. In par-
istry of individual layers and interfaces in these ONO stacks. ticular, the SiQ/SizN, interfaces have been suggested to exhibit a
Compared to ONO-TEOS, both ONO-S and ONO-L stacks ex-high density of the electron and hole traps due to the presence of
hibit significantly broadened top Sj@Si;N, interface, while  Si-Si bonds at the interfacé.Thus, a broader top Si®@Si;N, in-
ONO-L additionally features lower hydrogen content at the bottomterfacial region is expected to yield better charge trapping character-
SiO, /Si interface, and higher density of the top oxide. Each of theseistics. At the same time, lower concentration of hydrogen at the
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trode during the erase procedure. At present, we cannot single out
Op.i 0l the dominant mechanism leading to the device improvement.
-1 Al Conclusions
2 2 %‘\ The structure, chemistry, and electrical properties of ONO stacks
g with differently processed top oxide layers were compared. Accord-
-3 -3 "\,\ ing to our results, using larger thermal budgets to fabricate the top
4 4 i,\,\ oxide layer vyields(i) lower amount of hydrogen at the bottom
i V\ SiO, /Si interface, {i) broader distribution of nitrogen across the
-5 -5 l\j\ top oxide/nitride interface,iii) higher density of the top oxide
6 6 ’\l\f layer, and {v) superior electrical performance in the resulting
o 7 R ONO-based memory transistors. Likely, each of the effeiQtgi(i )
- contributes to the improved electrical performance of the ONO-L
-8 8 stacks; however, the relative significance of each factor is difficult to
determine. No nitrogen segregation to the SIS interface was

012345672829
(a) 2-Theta (degrees)

012345672829
2-Theta (degrees)

observed by EELS regardless of the thermal budget used to process
(b) the top oxide.
Figure 6. Experimental(dots and calculatedlines) X-ray reflectivity pro-
files for (a) BOX (single-layer thermal oxideand (b) ONO-L.
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bottom SiQ/Si interface is known to improve immunity to the hot
carrier degradatiof® Higher density of the top oxide, as observed in
ONO-L, may suppress parasitic electron injection from a poly elec-
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