Interfacial properties of ultrathin pure silicon nitride formed by remote
plasma enhanced chemical vapor deposition
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This article addresses the electrical properties of interfaces betwesmmd p-type Si and remote
plasma-deposited $h,, which are of interest in aggressively scaled advanced CMOSFETs. The
nitride films of this article display excellent electrical properties when implemented into stacked
oxide/nitride dielectrics in both NMOSFETs and PMOSFETs with oxide, or nitrided oxide
interfaces. The same nitride layers deposited directly onto clean Si surfaces display degraded
electrical properties with respect to devices with oxide, or nitrided oxide interfaces. PMOS
interfaces are significantly more degraded thatype metal—-oxide semiconductors interfaces
indicating a relatively high density of donor-like interface traps that inhibit channel formation.
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[. INTRODUCTION extend the study of the RPECVD nitride as the gate dielec-

Gate dielectric scaling requires new materials with dielectic, and in particular to determine the electrical properties of

tric constantdK) higher than Si@to provide the increased Si—SpN, interfaces in both NMOS and PMOS devices.
capacitance without compromising gate leakage cufrént.
One such material is §hl, that has approximately twice the
dielectric constant of Sig) and additionally is effective in
blocking diffusion of dopants such as borongNgj has also Silicon nitride films were formed in a cluster tool in
been proposed as an interface layer for highransition  which the entire gate stack is completed before exposure to
metals oxides since it has a highethan SiQ and is also an atmosphere. Prior to gate stack formation, a 200 nm field
excellent diffusion barrier. To date, the interfacial and bulkoxide was grown on 100 mm substrates followed by pattern-
properties of SN, have not been encouraging, and only aing of the active areas. A 10 nm sacrificial oxide was then
few processes have shown promising restiitsOne such grown and removed with 2% HF solution immediately be-
process is jet vapor depositiddVD) in which the current fore insertion into the cluster tool. Nitride layers were
transport mechanism in the dielectric films is predominantlyformed by RPECVD at 400 W, 300 mTorr and 300 °C using
electron tunneling similar to what has been observed irSiH,+NH3(N,).>"8 Single layer nitrides varying in thick-
Si0,.* However these films contain a relatively high concen-ness from 1.5 to 3.0 nm were formed on bethand p-type
tration of O (~20 at% which reduces the dielectric con- substrates. In addition to forming single layer nitride films,
stant, and additionally, the devices have Si—Si@erfaces. nitride/oxide stacks were also formed to study the properties
Recent studies at NCSU have shown that nitride filmsof ultrathin nitride at the interface while using conventional
formed by RPECVD, and subjected to a postdeposition aneharacterization techniques. After deposition, films were an-
neal in an inert ambient at 900 °C produce good quality filmsnealed at 900 °C in vacuum to reduce the hydrogen content
with relatively low concentrations of both G<2 at% and  and promote formation of additional Si—N boh8iGate di-
H (<14%).2% When used in Sig@/Si;N, stacks(O/N), in  electrics were then capped by rapid thermally deposited
which a thin oxide layer separates the nitride film from thepolysilicon in the cluster tool system. Control oxides of vary-
substrate, these films display excellent electrical properties img thickness were also prepared by thermal oxidation. Sur-
both NMOS and PMOS device$The goal of this work isto  face channel NMOS and PMOS devices were formed by
conventional techniques, and a forming gas (1Q%HN.)
dElectronic mail: vmisra@eos.ncsu.edu anneal at 400 °C was performed after metallization.

II. EXPERIMENTAL PROCEDURES
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Depth (A) high field mobility are consistent what has been observed in
heavily nitrided oxides®'2 The PMOS data with nitride di-
Fic. 1. Secondary ion mass spectroscopy depth profile of RPECVD nitrideelectric, shown in Fig. @), display markedly different char-
acteristics compared to NMOS devices. The channel conduc-
tion is significantly reduced, and there is a very laMe
ll. RESULTS shift, ~1.5 V. The degradetl;; and largeV; shift make these
Secondary ion mass spectroscopy analysis of RPECVIPMOS devices effectively nonfunctional. To better under-
nitride films is shown in Fig. 1. The hydrogen content is lessstand the cause of the degraded PMOS behavior,
than 15% throughout the film. The oxygen concentration iscapacitance—voltagéC—V) measurements were performed
also very low(<3%) with a slight increase at the interface. on transistors to obtain both accumulation and inversion
The low hydrogen and oxygen content makes this film verycharacteristics.
different from the nitrides deposited via LPCVD techniques As shown in Fig. &), the C—V measurements on PMOS-
and is expected to exhibit different electrical characteristicsFET devices did not indicate the presence of an inversion
The slight increase of oxygen at the interface may be relatethyer which is consistent with the severely degraded drive
to surface contamination from being exposed to the cleaneurrents obtained from the IDVG measurements. However,
room before being loaded in the RPECVD chamber. In ordenormal characteristics were observed in accumulation sug-
to determine the dielectric constant, the physical thicknesgesting that only holes in the channel were being affected.
was measured by transmission electron microscopy and coni-o see if this behavior was independent of the substrate con-
pared to the electrical oxide equivalent thickness. This gaveuctivity, C—V measurements were also made on NMOS-
a dielectric constant of 7.3. FETs. As shown in Fig. &, the NMOS devices showed
l4s Vs V4 measurements were taken on NMOS and PMOSlJegraded characteristics near the accumulation region,
devices. The thickness were extracted from capacitancewhereas the inversio@—V curves were normal. Although
voltage data using a least-square fit metAddhe equivalent the degradation in the NMOS devices was lower than in the
oxide thicknesses of the nitride and control oxide were 2.IPMOS, these results demonstrated that the nitride dielectric
and 2.3 nm, respectively. As shown in Figag the data for was affecting channel holes significantly more than channel
NMOSFETs with nitride dielectrics had a low®f compared  electrons.
to the control devices agreeing with what has been observed To determine the effect of the interface nitride thickness
for nitrided oxides; this is attributed to the fixed positive on theC-V characteristics, the nitride/oxide stacks were also
charge'®*2The nitride devices also displayed a50% de- measured on PMOSFETs. As shown in Fig. 4, a nitride
graded peak mobility, but an enhanced high-field mobility.thickness of>5 A can drastically influence the inversion
The behavior of reduced peak degradation and enhancetharacteristics. This implies that the interfacial nitride dras-
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) ] ) ] Fic. 6. Carrier separation measurements for silicon nitridéepPMOSFET
tically modulates the hole carriers in the channel region.  and(b) NMOSFET devices.

Gate tunneling current was measured both in accumula-
tion and inversion for both NMOS and PMOS devices
(area=10x3 um?) and is shown in Figs.(®) and §b). The  of the gate current. The measurements faNgifor PMOS
voltage drop across the oxide was obtained udiggv, in ~ and NMOS are shown in Figs.(& and 7b). The NMOS
inversion andV-Vy, in accumulation. The nitride shows behavior is similar to the control oxide, i.e., the gate current
slightly lower tunneling current than SjOn the positive IS dominated by source/drain channel current suggesting that
region for both NMOS[Fig. 5a)] and PMOS[Fig. 5b)] electron current is the dominating process in this regime.
devices. However under negative bias conditions, the gatdowever, the PMOSFETs with nitride dielectric display
current through the nitride layers is excessive compared tgharkedly different behavior than their SiGounterparts.
SiO, even though the nitride layers are physically thicker. First, at smaller gate biases the drain current is very low and

In an effort to understand the mechanisms responsible fds not equal to the gate current suggesting that the channel
the degraded hole behavior, a carrier separation techniquoles are not participating in the carrier conduction in this
was used to separately measure the hole and electrd@gime. Second, the substrate current is very high in this
currentst® A positive gate bias was applied to the NMOS regime and equals the gate current. This implies that the
devices, and a negative gate bias was applied to the PMOSlectron conduction from the gate is the dominating process.
with the source, drain, and substrate grounded. The gate bidisshould also be noted that aftefy exceeds approximately
creates a channel and as carriers tunnel out of the channeil.5 V the channel current starts increasing and becoming
into the gate dielectric they are replaced by carriers from th&qual to the gate current.
source/drain regions. Measurement of gate, channel, and
substrate current provides a measure of the electron and hol¢. DISCUSSION
current components. The results for $ior both PMOS and
NMOS are shown in Figs.(8) and &b). For both transistors,
the gate current is nearly equal to the channel current for a
voltages implying that the majority of the carriers that tunnel
to the gate come from the channel, i.e., electron current
dominates in the NMOS and hole current dominates in the
PMOS. The substrate current is a very small percentage

The proposed explanation for the above results is as fol-
,(fws. The nitride dielectric is believed to have a large density
f interface traps below the midgap. These traps remain oc-
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Fic. 5. Gate current measurements farNMOSFET andb) PMOSFET in Ve

inversion and accumulation. The equivalent oxide thickness for nitride and

SiO, are 2.1 and 2.3 nm, respectively. The voltage across the oxide is takeRic. 7. Carrier separation measurements for silicon nitrideepPMOSFET
asVy—V, in inversion andVy— Vi, in accumulation. and (b) NMOSFET devices.
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cupied and neutral if the Fermi level lies above them as in

. . X -O-Nitride ®Si0O. -2 0.6 SiO /Nitrid:
the case of NMOS inversion. However, as the Fermi level ‘ oo T o |

starts moving down towards the Si valence band edge, as in pMOs | /m  Nmos
PMOS inversion, these traps get depopulated and become 21070 KR'\ : fi\Q ’1210_2
positively charged. The high density of these positive traps 9 / \\\ . * ’
in the nitride layers can screen the gate charge until all in- " . A
terface traps become depopulated. This is believed to occur UE s / A, /" xh 5
at approximately—1.5 V, which is the same&/, value ex- 11077 o LT e B 1Y%
tracted from th 4-V, curves[see Fig. 2)]. After this volt- ! ) + ', \k‘@\lf 2
age is reached, a surface potential is allowed to drop in the oo | i{ \‘ E!
channel resulting in the onset of inversion. This is believed [ SO0 6By LSl
to be the mechanism responsible for the degraded PMOS 6 4 2 0 o2 4
characteristics in inversion. v -V')/T MV/em

As mentioned, the high density of traps below the midgap g ox

can effectively screen the gate charge preventing any voltage
drop in the semiconductor. This screening process can algos. 8. Gn* Tox vs oxide field for silicon nitride, Si@and stacked O/N
explain the high gate tunneling current observed with nitridefieectrics for 0.6um channel lengtiia) PMOSFETS andb) NMOSFETS.
. . . . . . ._The oxide field was calculated a¥{—V)/T,.

dielectrics in the negative regime. A much higher electric
field is created across the nitride WheVgiyige= Vapplied 8S
compared to the control oxide Wher¥yge=Vappiea layer <0.6 nm is interposed between the Si and the nitride
—Vaustrate This higher field assists in large conduction cur-film demonstrates that these defects are a property of the
rent through the dielectric. Si—SiN, interface. Therefore, a pure silicon nitride film can-

Recently, reports of bonding constraint theory calcula-not be used directly on the silicon surface due to a high
tions have indicated that the defect formation can be closelgdensity of positively charged, donor-like defects in the lower
related to bonding coordination at the interface of twohalf of the band-gap near the valence band edge of Si which
materials*® The average bonding coordination per atom ofprevents the formation of a conducting channel. The addition
SiO,—Si interface(including the suboxide regignis 2.9.  of oxygen as an ultrathin interfacial oxide layer and/or in the
This is sufficiently low and promotes the formation of low bulk of nitride film to form an oxynitride alloy, may be nec-
defect density interfaces. On the other hand, the averagessary if nitride interface layers are to be integrated into ag-
bonding coordination per atom at theyl$j—Si interface(in-  gressively scaled CMOS devices.
cluding the transition regionwas calculated to be-3.5
which can promote a high defect density. In this work it iSACKNOWLEDGMENTS
believed that t!’]IS _oyercoordmanon of thg3l§:54—8| com- This research is supported in part by NSF, SRC, SE-
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formation that negatively impacts the electrical properties.
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in Fio. 8. now indicate normal characteristics #®rand N L. Gladfelter, and J. Yan, IEEE Trans. Electron Devidds 104 (1997).
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devices suggesting that0.6 nm of interfacial oxide is suf- 4T, p. Ma, IEEE Trans. Electron Devicés, 680 (1999.
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