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Characterization of silicon oxynitride thin films by x-ray photoelectron

spectroscopy
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There has been a considerable effort in the past decade to incorporate nitrogen iito@der to
improve the electrical properties of ultrathig—10 nm) gate oxides. Process conditions affect the
nitrogen concentration, coordination, and depth distribution which, in turn, affect the electrical
properties. X-ray photoelectron spectroscd{PS) is particularly well suited to obtaining the
nitrogen coordination and, to a lesser extent, the nitrogen concentration in thin oxynitride films. To
date, at least four different nitrogen coordinations have been reported in the XPS literature, all
having the general formula: N(—-&\H,), wherex+y+z=3 andx<3, y=<1, z<2. In this article

we review the XPS literature and report on a fifth nitrogen coordinati@,=N-Si, with a
nitrogen Is binding energy of 402.80.1eV. Next nearest neighbor oxygen atoms shifted the
N(-Si); peak roughly 0.1 eV per oxygen atom. We also discuss results from a novel approach of
determining the nitrogen areal density by XPS, the accuracy of which is dependent on the depth
distribution of nitrogen. Secondary ion mass spectrometry is used to determine the depth N
distribution, while nuclear reaction analysis is used to check the N concentration measured by XPS.
© 1999 American Vacuum Sociefs0734-210(099)21904-5

[. INTRODUCTION to determine the N distribution. Nuclear reaction analysis
(NRA) is used to check the nitrogen areal density measure-
The benefits of incorporating nitrogen into ultrathin $i0 ments.
films have been studied intensely for more than a decade. A
long list of improved electrical properties of oxynitride films ||, EXPERIMENT
compared with Si@ has been discovered includin@) re-
sistance to boron diffusion(p) immunity to hot carrier ef-
fects, (c) higher charge-to-breakdown voltages, &l re- Several types of oxynitride films were studied. The con-
duced charge trapping. Oxynitride films have been growrlitions used to produce the films are outlined in Table I. The
directly on Si(using NO or NO), or by nitriding SiG films  type | plasma treatment was done with an Applied Materials
(with N,, NHs, NO, etc) or even by ion implantation of N Centura rapid thermal processifBTP) system. The other
into Si0,. Depending on the growth conditions, nitrogen canPlasma treatmenttype 1) consisted of a helicon remote
be piled up at or near the SjOSi interface, uniformly dis- plasma source. Details of the type Il process can be found
tributed throughout the film, or enriched at the surface. Noflsewhere.
surprisingly, the growth conditions also affect the concentra- o
tion and coordination of nitrogen in the films. A host of B- Film characterization
analytical techniques, including x-ray photoelectron spec- XPS experiments were performed using a Physical Elec-
troscopy (XPS) and electron spectroscopy for chemical tronics PHI Model 5701 LSci instrument equipped with a
analysis have been used to try to understand the complexonochromatic AK, x-ray source flv=1486.6eV) and a
relationship between the deposition conditions, film chemisconcentric hemispherical analyzer. Charge neutralization was
try, and electrical properties. XPS has primarily been used tperformed using a low energy<5 eV) electron flood gun.
correlate chemical shifts in the nitrogers pectrum with  High-resolution spectra were acquired using a pass energy of
changes in the N coordination. At least four different coor-11.75 eV and a step size of 0.10 eV. The binding energy axis
dinations have been isolated in oxynitrides including:was calibrated using sputter cleaned Cu foil (@y2
N(=Sis, (Si-),N—H, Si—-N—H), and (Si-),N-O. It is the =932.7eV, Cud;,=75.1eV). Peaks were charge refer-
goal of this article to investigate the nitrogen concentratiorenced to the Si©band in the Sip spectrum at 103.0 eV.
and coordination in oxynitride films by XPS. Special atten-Other authors have charge referenced to tf¢ Sthe Fermi

4 . . . .
tion will be paid to the correlation between depth distribution©dg€’ or C—C peaks. The binding energies of the’ Beak
and the Fermi edge vary with dopant type and concentration

and concentration. Although depth information is available ) - ! -
from XPS (by sample tilting or by HF etch bagksecondary making them unreliable choices for charge referencing. The
C-C band frequently suffers from differential charging.

ion mass spectromet5IMS) is used in these experiments .
P EIMS) P Also, in situ prepared samples do not have an adsorbed car-

aCurrent address: The Pennsylvania State University, 196 Materials Rel—)oi1 'aYer' All measurements were made at a takeOf_f angle of
search Institute Bldg., University Park, PA 16802: electronic mail: 69°, With respect to the sample surface plane. This takeoff

jxs124@psu.edu angle was chosen, in part, to minimize x-ray photoelectron

A. Film processing
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TaBLE |. Deposition conditions. @ NO—O:'
Film Substrate N=20E14  fu N=31E14 jﬂs
X X 398.4 eV I 982ev. S
N,O (six samples Si 1 \ I
NO-0O, mixture Si g% 7?’ 5
NH; SiG, ]‘d ‘ )71 F -
N, plasma(type 1) Sio, v, e/ %,ﬁ! he e o i,
N, plasma(type II) Sio, (@) (b)
i v I ! I 1 v | ! I
405 400 395 405 400 395
NH: N2 Plasma I I
diffraction that is known to affect the intensity of the signal N=19E15 1) 8 W
from the substrate at specific angfeShe Si 2 and N 1s 397.9eV JJ 33 N =33E14 398.1 oV
relative sensitivity factor§RSFg were determined by ana- ] lx 399.7 eV |
lyzing two polymer standards: polydimethyl siloxane FA
[ —(CHj3),Si0-], and polyethylene imine ’ e
(—CH,CH,NH-),,. (c) . - : S S (d)
SIMS experiments were performed using a Physica 405 400 395 405 400 395
Electronics m_odel _6600 quadrupole-based instrur_nen1 N8 8E13 N:Plasmall || Binding Energy (eV)
A 1 keVCs" primary ion beam was used and cluster ions 3997 eV

N=1.3E15

(CsO', CsN, and CsSi) detected, are described in more
detail elsewheré.

In the NRA measurements tHé&N(d,aq. ;) *°C nuclear
reaction was induced by 1.1 MeV'Dwith the sample tilted
42° from the beam normal. The N detection limit under these(e)

N=2.9E14
402.8 eV

397.5eV

.\ . . . T T
conditions is approximately X 103 atoms/cri. Details have 405 400 395
been published elsewhefte. Binding Energy (eV)
Fic. 1. High-resolution N % is spectra from oxynitrides grown i@ N,O,
I1l. RESULTS AND DISCUSSION (b) NO/O, mixture, (c) NHs, (d) N,RTP plasma treatment type |, atel N,
. . remote plasma treatment type Il. The peaks 397.5—-398.dae\e) are due
A. Nitrogen coordination to N(=Si);. The peak at 399.7 e\t and(e) is due to O—N-Si),. The peak

at 402.8 eV(e) is due to(O-),N-Si. The areal density of the different

A total of six NZO oxynltrldes were prepared, a repn:"sen_nitrogen species is listed for the individual nitrogen coordinations.

tative film is presented in Fig.(&8). The spectra for the jO

(398.4 eV}, NO/G, (398.2 eV, and NH; (397.9 eV oxyni-

trides contain single peaks in the range Whe_l(eSBl)g has_ evidence for: N—Si), (where “” is a dangling bonl Bou-
been reported. 'gl'hese srg_sluzlts agree with previously publishggh et o). interpreted these shifts as evidence for next nearest
studies on NG;® N,O,**"**and NH; (Ref. 4 oxynitrides. neighbor oxygen bonds. Careful examination of the correla-

Bhatet al.found an additional N—O containi_ng peak on both +jon petween the N-Si); peak position and the areal density
900 °C furnacg and 950 °C RTE N,O oxynitrides.[Note:

Only the NH; oxynitride was exposed to hydrogen contain-

ing species so it is unlikely that there is any significant Oxygen concentration
(Si-),N—H present in the other four samples. -—
The type Il N, plasma treated filn(398.1 eV} and the 3986
remote N plasma treated, type |1, filt897.5 eV} contained 2084 | I ]
N(-Si); peaks. The type | sample also contained a peak at ~ S ]
399.7 eV characteristic of O«NSi),. The type Il oxynitride é 3982 - I N
contained an O-N-Si), peak as well as third peak at 402.8 5 080 ]
eV. This unknown peak lies roughly halfway between nitro- e | I I
gen bonded to one oxygen atom, O—$i), at 399.7 eV, -§ 3978 | —
and nitrogen bonded to three oxygen atoi§); at ~407 [ r I I 1
eV, and, therefore, is assigné@-),N—Si. g 9er I ]
An unexpectedly large spread in(N\Si); binding energy = 3974 L |
was observed in this study as well as in the literafare~*? — ey S
It was initially assumed that the spread in the literature val- 1E14 1E15 1E16
ues was due to differences in instrument calibration and/or N areal density by XPS (atoms/cm’)

charge referencing. Since all spectra in our experiments were _ o _
acquired under identical conditions it raises the possibility'®: 2: Plot of the N-Si, nitrogen 15 binding energy as a function of N

. . areal density measured by XPS. The shift to higher binding energy at lower
that the 0.9 eV spread is due tO. a chemical, rather_than INN concentratior(i.e., higher O concentratigris due to the presence of the
strumental, effect. Some authBi‘émterpreted these shifts as more electronegative next nearest neighbor oxygen atoms.
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TaBLE Il. Summary of N k peak positions, wherg:”" =dangling bond. (N)rel
(N)e= . . 2
Species N & (eV) Reference rel (N)rel+(S|4+)reI+(o)reI
N(=Sis3 397.4-398.4  This study and 2-5, 9-12 Finally, the N areal densitin atoms/cr) can be calculated
(Si-),N-H 398.0 4 as
Si—N(=H), 398.6 4
(Si-),N-O 399.7-401.0 This study and 3, 9-11 N atoms/cn% =(N ot 3
Si-N(-0), 402.8 This study ( ) =N)atorNsio;tox: @

tox=\sio, sinéln

where N;o, is the atom density of SiO (6.6
X 10?2 atoms/cm) andt,, is the oxide thicknes& The oxide
of nitrogen supports the latter explanation. Figure 2 reveals Hlickness was calculated using the following equation:
shift toward lower binding energy with increasing nitrogen . |oXP
concentration. A lower nitrogen concentratigice., higher lsi 'sio,
. . = qep | T1 4
oxygen concentratigrieads to an increased number of next ( I'sio, ISip) ]
nearest neighbor oxygen atoms. The more electronegative
oxygen atoms shift the (+Si); binding energy as much as Where,\gjo, is the attenuation length of the Spzphotoelec-
0.9 eV. The maximum number of next nearest neighbor oxytrons in SiQ, 6 is the takeoff anglelg; andlgo2 are the Si
gen atoms is 9 for an average shift of 0.1 eV per next nearesty intensities from “infinitely” thick S and SiQ, respec-
neighbor oxygen(This assumes, of course, that the samplesjvely. |28 andIZ® are the Si intensities from the unknown
studied here actually spanned the entire 0-9 range of_allovxmm deter?nined by curve fitting the Sif2spectrum into
aple nex} nearest nelghbqr oxygen atgmsamples V.V.'th component peaks. The attenuation lenghyg =3.4 nm)
higher nitrogen concentration have a lower probability of . . . 2 .
having next nearest neighbor oxygen atoms and, hence, a as determlned_ by analy_zmg a senes of SHims previ-
pear more like SN,. A summary of reported N < positions gsly characterlze(_i by high resolution cross section trans-
from this and other oxynitride studies is listed in Table II. mission electron mlcroscop(y'EM), Rutherfprd _backscatter-
ing (RBS), and ellipsometry. The determination bf; and
|§i02 was done by analyzing two different standard samples:
B. Nitrogen concentration a 5% HF etched Si100) surface and a 85-nm-thick thermal
Quantification of XPS data from homogeneogsith SO film. Both were Iightly sputtered with 3 keV. Arto
depth samples is commonly done by integrating peak areakémove adsorbed organic speciesd the native oxide and
and applying RSFs. Oxynitride samples create special quafluoride on the HF etched Si sampleThe I/l o, value
tification problems because the samples are generally inhgreasured in our experimertafter accounting for implanted
mogeneous within the=10 nm sampling depth. Signal is argon and readsorbed gasess 1.20.
detected from the SiON laydwhich itself may have a non- Figure 3 shows the Sif2spectrum from a typical oxyni-
uniform N distribution, as well as from the Sisubstrate and tride sample. All Si » spectra were fit as a series of doublets
an adsorbed surface organic layer. In light of this problensplit by 0.60 eV, reflecting the spin orbit splitting of the 2
quantification has largely been left to SIM&'NRA8181°  shell. Elemental silicon @3, peak widths varied from 0.48
and medium energy ion scatterifEIS).320-22 to 0.52 eV, while the oxidized Si peak widths were 1.20—
Recently we showed that the areal density of boron and.35 eV wide. Similar to Mitchelet al,?® a small peak(in
arsenic present in ultrathin Sj@ayers could be determined this case, a doublet0.3 eV from the main Sipeak was
using XPS?® A similar approach can be applied to oxyni- added to introduce asymmetry to this peak. There was excel-
trides to determine the nitrogen areal density. The approaclent agreement between the thickness determined using Eq.
requires that two assumptions be made about the sariple: (4) with the thickness determined by TEM, ellipsometry, and
nitrogen is only present in the oxynitride layer, af®l the  RBS. To gauge the precision of the XPS measurement the
nitrogen concentration is constant throughout the oxideéd.6 nm film (as measured by TEMwas analyzed several
layer. The former case is nearly always true, but the lattefimes over a seven month time period. The average oxide
case is frequently false. The procedure involves measurinthickness was 3.590.07 nm (lo=2.0%). The precision in
the relative amounts of nitroge(i\l),,, and oxidized silicon, measuring the nitrogen atom fractifiq. (2)] was checked
(Si*"),e. The relative oxygen concentration is calculated us-on the same 3.6 nm oxynitride and found to be 3.0%, for an
ing Eg. (1) rather than being directly measured, to avoidoverall precision of the XPS measurement of 5.0%. The de-
counting oxygen associated with the organic layer tection Iimitn?l of this approach is approximately
. 1E13atoms/c
(O)er=2(SH")e=0.78N)re @ The areal density of the different coordinations of nitro-
Carbon from the adsorbed organic overlayer and silicon frongen as measured by XPS is shown on the individualsN 1
the substrate are ignored. The 0.75 term removes silicon thapectra in Fig. 1. Although growth conditions varied consid-
is bonded to nitrogen, i.e., for simplicity it is assumed that Nerably it is clear that Nkland N, plasma treatments result in
is present as §N,. The atom fraction of nitrogen present in higher nitrogen concentrations than either NO gONreat-
the oxynitride layer is then given by ments. Figure 4 compares nitrogen areal density measured by
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Si 2p spectrum

106 104 102 100 98
Binding Energy (eV)
Fic. 3. Si 2p spectrum from a 3.6 nm oxynitride film fit into component

peaks to determine the experimen@g2 (64.0% andI P (36.099. A small
peak has been added at 101.8 eV whegdl Sis expected.

XPS and NRA. There is good agreement for four of the

seven samples, but the remaining three samples disagree
more than the combined estimated errerl2%) of the tech-
nigues. A clue to this unexpectedly large error may be foun
in the SIMS depth profiles.

C. Nitrogen distribution

Although the N X spectra for the BbD, NO/O,, and NH
oxynitrides contained a single(NSi); peak, the SIMS depth

profiles revealed dramatic differences in depth distribution
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Fic. 4. Nitrogen concentration determined by XR&dinate vs the concen-
tration as determined by NRAabscisspa Sample NO #1 contained a
surface-rich N layer, while sample,® #2 had a subsurface-rich nitrogen
layer. Samples falling on or near the dotted line tended to have nitroge
uniformly distributed throughout the oxide.
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Fic. 5. SIMS depth profiles showing nitrogen in-depth distribution.

(Fig. 5. Nearly all the nitrogen in the JO #2 oxynitride is
piled up at the Si@-Si interface 3.5 nm below the surface.
A similar pileup has been observed in many previous studies
on N,O oxynitrides. Carr and Buhrm&hfound interfacial
nitrogen enrichment in JO samples grown by rapid thermal
oxidation, although they found furnace,® films had more
uniform nitrogen distribution. Since on average the nitrogen
photoelectrons are originating from deeper in the material
than the Si* photoelectrons, the nitrogen electrons are dis-
proportionately attenuated resulting in an underestimate of
the true nitrogen concentration. The sample grown in a
NO/O, mixture exhibited a more uniform N distribution
within the oxide layer, consistent with recent MEIS studies
on films grown in pure N®and a NO/N mixture?? The
result was in better agreement with NRA. Finally, theON
#1 oxynitride has nitrogen located near the outer surface and
the result is an overestimate of the nitrogen concentration by
XPS because of disproportionate attenuation of thé Sio-
toelectrons relative to the N photoelectrons.

The NH; treated oxynitride film contained both a surface
and interfacial N peak, consistent with other studfeg®

g he plasma treated oxynitride films both contained thit2

nm) surface-rich nitrogen layers on top of a Sil@yer. NRA
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