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Abstract

Deuterium and hydrogen transport and exchange in MOS device-related stacks were studied
using elastic recoil detection (ERD). The samples were typical device structures (single, double,
and triple layers) alternating thermally grown silicon oxide and polysilicon, silicon nitride, silicon
oxynitride, and borophosphosilicate glass (BPSG) deposited by chemical vapor (CVD) on crys-
talline silicon. CVD was performed with either standard (hydrogen) or deuterated precursors.
Postdeposition annealings were carried out at 350 — 800°C for 15— 300 min in argon or forming gas
containing either Dy or Hy. Except for silicon nitride, all materials were permeable to hydrogen
and deuterium in the temperature range studied. Isotope exchange in the poly-Si/SiOs case was
observed above 450°C. BPSG showed very little relative exchange. Concentration depth profiles
for the isotopes remaining from CVD and introduced upon annealing varied with sample structure,
but for a given stack were always seen to be very similar. Implications of our findings to device

processing will be discussed.
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I. INTRODUCTION

Remarkable enhancement of device reliability (lifetime) with respect to hot-electron
stressing has been observed when molecular hydrogen (H,) is replaced by deuterium (D) in
a variety of thermal annealings of MOS structures [1-4]. The effect has been attributed to
reduced hot-electron depassivation of the deuterated SiO,/Si interface [5], where electrically
active defects known as P, centers (Si dangling bonds) can result in interface charge trap
densities uncompatible with current technological needs. Despite some very encouraging re-
ported results, like factors of 10 — 50 in transistor hot-electron lifetime improvement [1], the
benefit from Dy annealings was shown inherently unstable with further wafer processing [6].
Increased annealing time and temperature (up to 5 h at 450°C) and deuterium concentration
in the ambient gas (up to 100% D3) led to up to 80-fold hot-electron lifetime improvement
observed in device structures processed up to three levels on metal interconnects (M3) [7].
A finished MOS device subjected to high pressure (6 atm) annealing in 100% D, for 3 h at
450°C exhibited lifetime improvement by a factor of 90 [8]. At conventional processing cycles
and temperatures, a deuterated nitride layer acting both as diffusion barrier and deuterium
reservoir produced up to 13-fold improvement at M5 level [9, 10]. It has been found that the
replacement of hydrogen with deuterium limits the deuterium incorporation at the SiO,/Si
interface [11-13], and processing with atomic deuterium has recently been suggested [14].
Possible lifetime improvement of greater than 200x has been predicted [15]. The search for
optimal device manufacturing parameters continues as one tries to reach maximum advan-
tage from the deuterium isotope effect. Relevance of transport and exchange studies to this
end was soon realized.

The transport of deuterium through various transistor gate stack layers to gate dielectric
interfaces was studied from deuterated forming gas annealings [4, 16]. It was found that
deuterium does not seem to diffuse through undoped poly-Si in the temperature range
400 — 480°C, while dopants such as boron and phosphorous greatly enhance transport of
hydrogenous species. The behavior of silicon nitride layers was seen to be sensitive to prior
thermal treatments; only after a high temperature annealing (> 900°C) permeability was
observed [4]. Borophosphosilicate glass (BPSG), metal silicides, and SiO, deposited from
tetraethyloxysiloxane (TEOS) were shown to be permeable, just as all other materials in

the device structures tested so far. Accurate quantification and profiling of hydrogen and



deuterium in such samples has proven itself challenging.

Secondary ion mass spectrometry (SIMS) has been a standard analytical technique for
hydrogen and deuterium concentration depth profiling. This is understood based on the very
low detection limit of SIMS, about 10'® cm ™2 in the negative secondary ion mode [4], compat-
ible with the level of dangling bonds at the nonpassivated SiO,/Si interface (1 x 10 ¢cm™2
as measured [17] by electron paramagnetic resonance for the Si(111) substrate). Rutherford
backscattering spectrometry (RBS) and elastic recoil detection (ERD) are usually employed
for average film composition analysis [9, 10]. Despite analytical improvements including
negative secondary ion detection and careful standard preparation, dynamic SIMS yields a
relatively low accuracy (results have been quoted with 100% uncertainty) and limited depth
resolution due to intermixing of material from etching ion bombardment. Most importantly,
ion yields can change significantly and in a rather complex way across interfaces between
different materials. In this respect, ERD has been conceived as complementary to SIMS as
a profiling tool [18].

Despite significant results on the transport of hydrogenous species upon thermal anneal-
ing of MOS devices, the wide range of (mostly low if compared to the predicted maximum
effect) lifetime improvements originating from deuterium application urges for a deeper un-
derstanding of the subject. The limited range of annealing times and temperatures combined
with the relative complexity and diversity of the sample structures originally explored call
for a systematic study of hydrogen and deuterium transport in device-like stacks. In this
paper, we present such study with a materials science-oriented analysis. A wide range of
materials and annealing conditions typical of semiconductor processing was used to study
the thermal stability of deuterated samples and way and limitations to deuterium introduc-
tion into device structures. ERD was chosen to profile and quantify hydrogenand deuterium
as an alternative to SIMS.

The paper is organized as follows: section II presents the experimental procedures used
for sample preparation and analysis; results grouped by overall sample behavior in the
annealing experiments are discussed in section III; section IV summarizes the work and

presents conclusions.



II. EXPERIMENTAL PROCEDURE

The stacks used in this study are listed in Table I. Silicon oxide was thermally grown in
dry Os on 200 mm Si(100) wafers. Poly-Si was deposited using standard LPCVD or RTCVD
processing with SiH4 or SiDy in the temperature range ~ 600 — 750°C. Silicon nitride was
deposited using LPCVD (~ 700°C) or PECVD (~ 400°C). To make a 100% deuterated
structure (sample DONp), SiD4 and NDj precursors were employed in the PECVD process
[10, 15]. The RTP nitride sample (HONx) was deposited on single-crystalline silicon (¢-Si)
from NH3 and SiH4 in an RTP reactor. Deposited oxynitride film has refractive index of
1.8 at 634.8 nm, from which an average composition (SiO3)g.35(Si3N4)0.65 has been deduced
[19, 20]. BPSG was deposited by chemical vapor deposition. Samples DOPr and DONp
were deposited from deuterated gases; then pieces were annealed in hydrogen-containing
forming gas (HFG; 90 vol.-% Na, 10 vol.-% H,) at 350 — 650°C for 10 — 60 min or in argon at
450—"T750°C for the same time intervals. All other samples were deposited from hydrogenated
gases; pieces were annealed in deuterium-containing forming gas (DFG) at 500 — 800°C for
30 min and at 600°C for 15— 300 min. Annealings were performed in a quartz tube furnace.
The samples were quickly moved to the hot zone at the annealing temperature and under
H(D)FG flow. After the planned annealing time, the samples were moved to the cold zone
and allowed to cool under H(D)FG flow.

Deuterium and hydrogen (hereafter designated as D and H) concentration depth profiles
were determined using elastic recoil detection (ERD) [18]. In this technique, light particles
ejected from the sample are detected at a forward angle. The primary beam was formed
by 28Si** ions at 9 MeV impinging at 65° relative to the sample normal. Recoil detection
was performed at 85° relative to the sample normal, with coplanar incident beam, sample
normal, and detector axis. A mylar foil of thickness 6.35 pum was placed in front of the
detector to stop scattered ions and heavy recoils. The depth resolution of the technique
is about 5 nm at sample surface and was estimated to be 10 nm at the depth of 100 nm
[21]. We estimate our detection limit to be in the low-10'* cm™ for D and H. D and H
profiles were extracted from the original number of recoils versus recoil energy data through
spectral simulations with the SIMNRA program [22]. The program allows description of the
sample in terms of up to 20 layers of variable composition [23] and thickness and includes a

procedure for a least-squares fitting to experimental data. Fig. 1 shows typical experimental



data and the corresponding simulated spectrum, as well as the concentration depth profile
for D resulting from the fitting procedure.

In the extraction of profiles from ERD raw data, the thickness of a layer expressed in
length units depends on its volumetric density; both layer thickness and extracted recoil
concentration are affected by stopping powers calculated for the different materials in the
sample (and foil placed in front of the detector) for ions in the primary beam and detected
recoils. Fittings were performed according to the following algorithm: using available density
and stopping power data, a sample structure corresponding to the nominal (i.e. intended
from film growth or deposition) thickness of each film was assumed and simulations were run
with D and H concentrations as parameters. Each film composing a stack was divided into
as many layers as necessary for a good fitting, provided layer thickness was not below the
estimated depth resolution of 10 nm; only for the samples having a 2 nm SiO, film this film
was described as one single layer with the nominal thickness instead. Starting simulations
with the original input structures, film thicknesses were changed upon compelling evidence
from comparison to experimental data.

The stopping powers used are accurate within 10 — 20% for compounds, and are much
better for elemental layers [22]. We estimate that the thicknesses and concentrations pre-
sented are accurate to better than £30%. It should be emphasized that (i) the relative
concentrations of D or H among pieces of the same sample, and (ii) the total amounts of D
and H reported (areal densities) are not subject to error from densities or stopping powers
[24]. Areal densities were also independently cross-checked against a standard of silicon im-
planted with D using integrated areas under the H and D peaks in ERD spectra. Low areal
densities (and profiles with low concentration) of D are more accurate than those of H due to
the absence of spectral background. Most ERD spectra showed a clear signal of H at sample
surface [as in Fig. 1(a)] expected from residual hydrocarbon in the analysis chamber (kept
between low-10"% and mid-10~7 Torr) during ERD data acquisition [25]. This amounted to
about 1 x 10" em™2 H and was also considered in the simulations when no clear distinction
existed in ERD spectra between H originally in a sample and that introduced during analy-
sis. The issue of ambiguity in concentration depth profile extraction from ion beam analysis

has been addressed before and will not be discussed here [26, 27].



III. EXPERIMENTAL RESULTS AND DISCUSSION
A. D and H in the poly-Si/SiO,/Si structures

Heavily doped poly-Si is used as the gate electrode material in MOS devices, as a con-
ducting material for multilevel metallization, and as contact material for devices having
shallow junctions. Dopants can be added during deposition or after, by diffusion or ion
implantation. It may also be oxidized to SiOy in dry oxygen at 900 — 1000°C to form an
insulator between the doped poly-Si gate and other conducting layers. As the gate electrode
material, poly-Si forms the second large area interface with SiO, in an MOS device, adjacent
to the Si channel. It is therefore important to understand to what extent and under what
conditions poly-Si is permeable to hydrogen isotopes. An additional point is how much poly-
Si itself is prone to isotopic exchange, since transport of hydrogenous species and reaction
at the SiO5/Si interface may also inevitably occur after the forming gas annealing, during
processing steps not intended to modify the SiO5/Si interface.

Typical profiles of D and H in sample DOPg (see Table I) after annealings in this work
are shown in Fig. 2. For the spectral simulations, we assumed the maximum D concentration
in the profiles is in the ultrathin oxide film in agreement with SIMS results in the literature
[4, 6, 16]. The agreement between the profiles in Fig. 2 and the nominal poly-Si layer
thickness in sample DOPg (150 nm) thus obtained is very good. The profiles indicate the
presence of both D and H in very small amounts at the sample surface (< 0.1 at.-%, < 1 x
10" ecm™2), both becoming depleted with increasing annealing temperature. Following the
assumption of D peak concentration at the oxide, there is also evidence for D accumulation
close to this ultrathin film, at both interfaces. H is found spread over a wider region of the
sample. The bulk of poly-Si is seen to remain practically free of both isotopes, implying
that interfaces with dangling bonds play a major role in D(H) accumulation. Concentration
depth profiles extracted from pieces of sample DOPgr annealed in argon were very similar
to their counterparts annealed in HFG.

Fig. 3 shows the areal densities of D and H close to the buried poly-Si/SiO,/Si(100)
interfaces [28] in sample DOPy after different HFG annealings. D and H amounts are rather
small, indicating less than the equivalent to one monolayer. Within the experimental range,

annealing time is seen to play no significant role in D loss or H uptake. Significant D loss



starts at a temperature higher than 450°C, coinciding with the onset of H uptake. For
annealings at 650°C, the longest runs lead to D concentrations below the detection limit.
Concerning annealings in argon, areal densities of D were similar to those presented in
Fig. 3, except that the concentrations after processing at 550°C were essentially the same
as those at 450°C; at 650°C they returned to the level observed for the HFG annealings
(Fig. 3). H incorporation (probably from residual HoO and Hy in the furnace) at levels
above the detection limit happened at 550°C (two longest annealings) and at 650°C, showing
no consistent dependence on time and remaining below 8 x 10'® ¢cm™2. Both D and H
concentrations were below detection limit after annealings in argon at 750°C, indicating
interface depassivation at this temperature consistent with previous work [35].

D and H transport has already been shown to occur for molecular and/or monatomic
species in poly-Si, SiOq, and ¢-Si [29, 30]. Therefore, D transport is expected during poly-Si
deposition and both D and H transport are expected during annealing in HFG. Indications
exist that transport through the substrate plays no major role in H isotope loss or uptake
during annealing [21, 31]. The very low (< 0.1 at.-%) D plus H concentration found in
bulk poly-Si is consistent with that previously found in device structures after annealing
in Dy following source and drain activation [4]. It is also consistent with the deep H trap
concentration (below mid-10'® cm™3) suggested for LPCVD poly-Si [29]. According to the
simulations, the samples contain about 3 x 10'® cm™2 D plus H atoms in the ultrathin oxide
films, irrespective of annealing temperature. This is three orders of magnitude higher than
the expected from the solubility of Dy in vitreous silica at 350°C and 1 atm [32]. It is in
agreement with data obtained by nuclear reaction analysis for a 5.5 nm thermal SiO, film
in which D was however incorporated from annealing at 450°C for 45 min in DFG [33].

D(H) presence in poly-Si has been connected to Si-D(H) bonds at grain boundaries [29].
Accumulation at the sample surface was attributed to the formation of D(H)-stabilized
platelets. Such bonding sites are also expected wherever poly-Si and c¢-Si form interfaces
with solid films. The depth resolution from ERD measurements, however, does not allow
a conclusive remark about H and D accumulation close to the ultrathin SiO, film; we
return to this point later, in the discussion of results for samples with thicker (55 nm) oxide
films. O-D(H) bonds in thermal silicon oxide are present in addition to Si-D(H) [34]. Si-D
bonding was hypothesized to produce D uptake at 300°C and above followed by release
at 600°C, while O-D would be formed readily at 100°C and dissociated at about 800°C



[34]. Our data indicate that in the presence of Hs, the release is already active at 550°C.
Absence of D (above detection limit) in the sample annealed in argon at 750°C supports
findings in the literature and is consistent with the common knowledge that the SiO,/Si
interface becomes electrically depassivated after high-temperature annealings [34, 35]. For
annealings in forming gas, as the H uptake exceeds the D release the former is not only due
to exchange (although it certainly occurs). Both D and H concentrations in the samples are
well above the estimated for P, centers. Incoming H may be having access to bonding sites
not passivated during poly-Si deposition. Existence of a variety of bonding sites (Si and O
dangling bonds at different configurations) for H at and close to the SiO,/Si interface has
already been suggested from annealing experiments [33].

More results concerning the poly-Si/SiOs/Si structure were obtained by studying samples
HOPgr and HOPy, (see Table I). Both profiles and areal densities of D and H determined
in these two samples are remarkably similar. The similarity holds not only between pieces
annealed at the same temperature and for the same time, but among all annealed at up
to 600°C and 300 min. Fig. 4 shows the characteristic D and H profiles for sample HOPg
under different annealing conditions. As observed for sample DOPg (Fig. 2), small surface
concentrations decrease with increasing annealing temperature. Moreover, the profiles show
D and H accumulation in the region between 160 and 260 nm from the surface, which we
believe corresponds to the poly-Si/SiO; interface and SiO; film, in reasonable agreement
with nominal poly-Si layer thickness. Concerning the profiles shown in Fig. 2, the accumu-
lation seen at the SiO,/Si interface is most probably a result of enhanced diffusion through
the ultrathin oxide film combined with insufficient depth resolution from the ERD measure-
ments. Areal densities in the HOPg and HOPy, samples were about 3 —4 x 10'* cm™2 D and
5x 10* em~2 H for annealings at up to 600°C and 300 min and about 3 x 10** cm=2 D and H
for annealings at 700°C for 30 min. It should be noted that already after annealing at 500°C
(the lowest annealing temperature for these samples) a significant amount of incoming D
was found. No H could be detected in either sample after annealing at 800°C for 30 min,
and D remained close to 1 x 10* ecm 2.

The fact that samples HOPg and HOPy, behave so similarly upon thermal annealing
implies similarity between RTCVD and LPCVD poly-Si. Most of the D incorporation and
H release is seen to occur at the poly-Si/SiO; interface and in the oxide film. The incoming

isotope is seen to be closer to the sample surface in both Figs. 2 and 4. As in one case H and



in the other D is incoming, the result is not a systematic error from the ERD measurements.
One feature characteristic of H and D profiles in all poly-Si/SiO5/Si samples in this work
is that only one concentration peak is seen below the sample surface. This contrasts with
results from SIMS profiling of D and H in device-structures submitted to annealing at the
M1 level or fully processed, which showed H and D accumulation at both oxide interfaces
[36-38]. When significant exchange occurred, a factor of ~ 2 was observed between D/H
concentration ratios at the poly-Si/SiO2 and SiO2/Si interfaces [37]. Such observations can
be conciliated with ours if low H and D concentrations at the SiO,/Si interface combine
with significant H and D concentrations in the bulk of SiO,, making depth resolution from
ERD measurements insufficient. Our simulations indicate that this could effectively be
the case. The only significant difference in sample preparation between ours and preceding
experiments is the absence of metals and dopants, which are expected to generate monatomic
H(D). Incorporation of D at the SiOy/Si interface, however, does not depend on that [33, 39).

Complete exchange of D for H was achieved after annealing at 800°C. Due to low counting
statistics in ERD spectra, however, D concentration depth profiles could not be extracted.
Although general results have pointed out that the more D in device structures the better [7],
data by different authors suggest that the actual figure of merit is the relative concentration
of H isotopes at the interface [9, 15, 36, 37]. One word of caution: as stated, ERD detection
limit in this work is still above the expected concentration of P, centers at the SiOy/Si
interface. H isotope exchange at these defects, therefore, may not be complete. In fact,
preliminary electrical characterization indicates a high density of interface states for the
samples annealed at the highest temperature. It may well be that D is primarily bound to
oxygen and, as indicated by Fig. 4, to silicon at the poly-Si/SiO, interface.

It should also be noted the striking difference between results for samples HOPgr and
HOPy, and those for sample DOPg. All profiles qualitatively indicate D and H bonding sites
within the oxide films and close to the poly-Si/SiO, interface. However, areal densities at
this interface differ greatly, as shown in Fig. 5. The only difference between samples DOPgr
and HOPg (besides the hydrogen isotope introduced from poly-Si deposition) is underlying
oxide thickness (refer to Table I). This could explain in part the higher H concentrations in
HOPg as compared to D in DOPg. The difference, however, does not follow the factor of 11
suggested by the oxide thicknesses. One possibility is that a significant part of the isotope
from deposition could be trapped at the SiO, interfaces independently of film thickness.



Given that the oxide in sample DOPy practically presents no bulk, 2 x 10* cm=2 H(D) is
trapped at the interfaces and a linear model suggests < 1 x 10 cm™ nm™! H(D) in the
oxide bulk. These figures are too high by one and two orders of magnitude, respectively, if
again compared to those estimated in previous studies [33, 34], but experimental conditions
were different and a quantitative comparison may not be valid. The fact that the ERD
detection limit is reached with a 30 min annealing at 650°C for sample DOPg and only at
800°C for sample HOPRr may be a result of the desorption kinetics; presumably all H would
be gone from sample HOPy at a lower temperature if the annealings were long enough.

Concerning the isotope introduced from the annealings, incorporation of D into HOPg
seems to be at the maximum already after 30 min at 500°C, while H seems to be continually
incorporated into DOPg between 450 and 650°C (see Fig. 5). It is not likely that a significant
difference between bonding sites occurs between the samples. If uncertainties are taken into
account and previous results considered, the following picture emerges. Kizilyalli et al.
[7] observed increasing D uptake with increasing annealing temperature between 400 and
450°C, the same as Clark et al. [6] between 400 and 600°C. We most conclusively observe
reduction of D(H) uptake at high temperatures (above 600°C). This is consistent with this
being the temperature at which D(H) starts to be released from Si-D(H) bonds [34]. We
therefore state that maximum incorporation occurs at temperatures close to 600°C. As the
hydrogen isotopes incoming and from deposition are distinct for samples HOPr and DOPg,
this analysis assumes that D and H have the same behavior upon thermal incorporation
and desorption. The latter was predicted from first-principles calculations [40]. The fact
that D(H) amounts from annealing do not follow the relationship between D(H) amounts
from deposition in the samples requires further investigation, with samples of various oxide
thicknesses.

We summarize our findings concerning the poly-Si/SiO,/Si stacks as follows:

e as-deposited samples present H(D) at the surface and close to the poly-Si/SiOq inter-

face, in maximum amounts respectively equal to 1 and 2 x 10* cm~2;

e annealing time does not seen to play a role in H(D) loss or uptake in the 10 — 60 min

range;

e isotope incorporation from the annealing ambient starts at a temperature in the in-

terval 450 — 500°C;

10



H isotopes from deposition and introduced upon annealing are found in the same

region of the samples, with the latter slightly closer to the sample surface;

e the amount of isotope from deposition seems to depend on oxide thickness, while the

amount of isotope introduced upon annealing does not (~ 4 x 10* ¢cm™2);

e the isotope from deposition is continuously lost with increasing temperature, while
that introduced upon annealing presents maximum concentration after annealing at

600°C;

e annealings in HFG produced release of D from deposition at above 450°C, while an-

nealings in argon produced it just at above 550°C.

We note that these observations apply to starting structures with partially passivated SiO,
interfaces (from the CVD process). The results imply that to take maximum advantage of
the hydrogen isotope effect annealing in such cases should be performed at 600°C and that
for depassivated interfaces (which is the case after source and drain activation) the annealing
temperature should not be higher than that. Evidently, wafers can only be exposed to such

temperature before any metallization step.

B. Silicon nitrides and oxynitride

Silicon nitride is used as a dielectric or barrier layer in the fabrication of integrated cir-
cuits. A common application is to use it as the final passivation layer (protective overcoat) of
the IC. It is also applied between metal levels and on top of the silicide layer which provides
contact to gate, source, and drain and as sidewall spacer in deep submicron complementary
MOS technologies. In the latter case, it forms interfaces with doped Si and poly-Si. One
important property of deposited SizN, is high concentration of H. Nitrogen-doped silicon
oxides (silicon oxynitrides) have received attention as gate dielectrics [41]. They yield re-
duced boron diffusion from p*-doped poly-Si electrodes to the Si substrate and increased
hot-electron device reliability as compared to pure SiOs.

Samples DONp, HONp, HBNp, HOP Np, HONx, and HON}, (see Table I) were used to
study hydrogen isotope transport and exchange in silicon nitride. Results for the first five

can be grouped based on similarity. The former four samples were capped with PECVD
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nitride, while HONx had an RTP nitride. Fig. 6 shows H and D profiles in five of the nitride
samples after annealing at 600°C for 300 min for comparison. Fig. 7 shows typical profiles
obtained from sample HONp. Incoming D is found at increasing depths and with somewhat
increasing surface concentration with increasing annealing time and temperature. However,
it could not be detected in any of the materials at the bottom of a Si3Ny film, restating its
character of good diffusion barrier [2, 6]. Our ERD simulations indicate H depletion at the
sample surface and close to the Si3gN,/SiOs interface, which however could be an artifact
mainly from superestimation of experimental energy resolution. The result at the sample
surface has been hypothesized before [21]. Qualitatively, the profile of H remaining from
the CVD process does not change with annealing conditions. The profiles also show D and
H concentrations characteristic of silicon nitride produced by PECVD, much higher than
those found in poly-Si and SiOs.

Fig. 8 shows H and D areal densities in samples DONp and HONp as a function of
temperature for 30 min annealings. For the isotope remaining from CVD, the results are
two orders of magnitude higher than those found for the poly-Si samples. Continuous
release occurs with increasing temperature, with no significant effect of anealing time (not
shown) or underlying oxide thickness. This indicates that in order to function as D reservoir
the PECVD nitride has to be annealed at above 500°C. Sample HONp still shows a high
concentration of H after annealing at 800°C, also contrasting with the results observed for
poly-Si/Si0, /Si stacks. D or H incorporation from the annealing step is also continuous and
much higher than that observed before. A large difference between hydrogen isotope release
and uptake evidences a competition between exchange and other processes.

Sample HONp, presented D and H profiles qualitatively similar to those in samples
DONp, HONp, HBNp, and HOP Np (Fig. 6). However, H concentrations were much lower
(< 5 at.%), as expected for silicon nitride produced by LPCVD (and therefore, at higher
temperature as compared to PECVD). H release and D uptake also followed the general
trend observed in Fig. 8. Interestingly, D uptake occured at the same level observed for
PECVD nitrides, i.e. with a maximum of close to 1 x 10'® cm~2 after annealing at 800°C for
30 min, which in this case represents about 80% of the original H areal density. Moreover,
the sum of H and D amounts was seen to remain constant in the experimental range of
annealing times and temperatures, meaning that isotopic exchange was practically the only

process taking place. If bonding sites for D are of the same nature in PECVD and LPCVD
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silicon nitride, this essentially suggests that the former presents a high density of defects
whose configurations favor the process competing with exchange.

The dynamics of D and H in PECVD and LPCVD silicon (oxy)nitrides upon thermal
annealing was studied in detail by Arnoldbik et al. [21, 42]. One significant difference
between the nitrides and poly-Si/SiO,/Si stacks is the existence of N-H(D) bonds, which
were shown to hold 1/4 of all H(D) in PECVD nitride [42]. It is a strong bond (4.69 eV
in NHj [43]), accounting for the increasing incorporation of D(H) with increasing annealing
temperature. To a significant extent, H and D areal densities observed here in PECVD
and LPCVD silicon nitrides agree with published data [21, 42]. Net reduction in D plus H

content upon thermal annealing was attributed to the cross-linking reaction:
=Si-H + =N-H — =Si-N= + H, (1)

starting at 600°C. This should be the process competing with exchange suggested by our
data for PECVD nitrides; it is apparently suppressed in the LPCVD sample. Beyond the
general agreement, we also find a number of significant differences relative to previously
reported results. Thick (1000 nm) PECVD nitrided films were seen [42] to crack upon
annealings in 4 vol.-% Dy in Ny between 800 and 1000°C, with D incorporation at both
sample surface and interface between nitride and substrate. Chen and Wallace [4] also
observed D transport, now through a LPCVD silicon nitride film and after a > 900°C
annealing step. We did not observe cracking nor permeation to D in the temperature range
350 —800°C. D incorporation into LPCVD nitrides [21] at the annealing conditions reported
above (4 vol.-% Dy in Ng, 800 — 1000°C) was seen to obey a linear relationship with the
square root of time, characterizing a Fickian diffusion process. We could not consistently
observe such behavior, since as commented annealing time had no significant effect on D
uptake. Arrhenius plots of the D uptake did not show straight lines either, preventing us from
deriving a single activation energy. Both observations could be due to the different annealing
temperature ranges in this and previous studies. The temperature range in our experiments
includes the expected transition between active and inactive trapping in Si-H(D) bonds
besides of N-H(D) (which could also appear in a variety of different energy configurations)
and this could be at the bottom of our observations. Concerning annealings in argon, the
DONp sample yielded practically the same D loss as in HFG after a given annealing time

at the same temperature. In this case, some H incorporation was also observed after the
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annealings in argon, in amounts increasing with temperature, probably from contamination
of the ambient gas with Hy or HyO.

Sample HOX, a silicon oxynitride, showed a distinctive behavior upon annealing in DFG.
Fig. 9 shows D and H profiles obtained after DFG annealings at the given conditions. Profiles
in the sample annealed at 600°C are characteristic of all annealings up to 300 min at this
temperature; the D profile observed after treatment at 700°C qualitatively applies to 800°C.
D and H are seen to occupy essentially the same region of the samples. The profiles also
indicate little or no incorporation of D into the oxide underlying the oxynitride film. This
includes the sample annealed at 800°C, in which the incoming isotope could not be profiled
in the case of poly-Si/SiO. Fig. 10 shows D and H areal densities in sample HOX after
the annealings. Absolute numbers (1.2 — 0.1 x 10'® cm™2 for D, 6 x 10 cm™ to below
detection limit for H) are in-between those observed in poly-Si/SiOy/Si and in the nitrides.
The relationship between incoming D and H remaining from deposition is similar to the
one in Fig 5, obtained for the poly-Si/SiO,/Si samples. Already after 30 min at 500°C the
amount of incoming D is higher than that of remaining H. Incoming D is found at maximum
areal density after 30 min at 600°C. After annealing at 800°C D is found in lower amount,
but in the absence of H. Results in the literature [21, 42| indicate for oxynitrides relative
to nitrides less H from the deposition, higher D uptake, and lower H loss. We confirm all
these observations. However, in our case D incorporation did not increase monotonically
with increasing annealing temperature, as observed here for the nitrides and previously for
oxynitrides in the range 800—1000°C. We believe this is due to significant Si-H concentration
from deposition, which together with N-H would respond for the decrease in bonding sites
for D according to Eq. 1. Previously, Si—-H bonds were found in only minor concentration in
silicon oxynitride [42].

We summarize our findings concerning the stacks capped with silicon nitride as follows:

e as-deposited samples show H(D) evenly distributed, except for depletion at the sample
surface, in amounts expected from the CVD processes (5 — 15 at.-%, mid- to low-

10' ¢m ™2 for 50 nm films);

e annealing time does not show significant effect on H(D) loss or uptake in the 15—60 min
range, but it does in going from 60 to 300 min, resulting in increased loss of the isotope

from deposition and uptake of the isotope from annealing;
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e isotope incorporation from the annealing ambient starts at above 450°C;

e the isotope from deposition is evenly lost along the nitride films with increasing an-

nealing temperature, starting at above 500°C;

e the isotope introduced upon annealing is found deeper and in increasing amounts with

increasing annealing temperature;

e specifically for PECVD nitride, thermally activated cross-linking significantly reduces
the number of bonding sites for H(D);

e annealings in argon or in HFG, other conditions being equal, produced practically the

same D loss.

Based on these observations, we conclude that the best use for silicon nitride concerning
the hydrogen isotope effect is as both a barrier to the transport of hydrogenous species and
D reservoir. Noting that it contains a significant amount of the H isotope in the precursor
gases and having in sight the possible effect of further processing on a SiO,/Si interface
passivated with D, we believe it should be deposited from deuterated gases, following the
approach of Clark et al. [10, 15]. Significant amount of D still remains in the film after

annealings at ~ 600°C.

C. Borophosphosilicate glass

BPSG is formed by doping silica with boron and phosphorous. Thin BPSG films are
widely used in IC manufacturing as dielectrics between metal interconnections and under-
lying structures, as passivation and planarization layers, and as traps (getters) for mobile
alkali cations. One of the most important properties of BPSG is reflow (fusion) tempera-
ture, which can be tailored to the demands of a given application by varying the amounts
of dopants incorporated to the silicon dioxide matrix.

Fig. 11 shows D and H profiles in sample HB after annealing in DFG for 30 min at different
temperatures. H from deposition is seen to be evenly distributed in concentrations close to
8 at.-%, except for depletion at the surface and interface with ¢-Si. D from annealing seems
to be stabilized far from the sample surface. Its maximum concentration is below 0.5 at.-%.

The disagreement between nominal film thickness and that extracted from the ERD profiles
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should be due to inaccuracy in stopping power and/or density estimation for this rather
complex material. The profiles suggest loss of both D and H with increasing annealing
temperature. Fig. 12 shows H and D amounts in sample HB after different annealings. H
areal densities in the BPSG film are significant — close to those found in PECVD silicon
nitride films of roughly half thickness. For the annealing conditions tested, they apparently
show one significant transition, when annealing is extended from 60 to 300 min at 600°C. D
areal density show a maximum after the mildest condition tested, 30 min at 500°C. Although
the absolute result is quite high (1.7 x 10'® cm™2), it represents less than 5% of the H amount
in the same sample. D amounts are seen to decrease with annealing time and temperature,
until practically reaching the ERD detection limit after 30 min at 800°C.

Analysis of data for sample HONpB is instructive for combining basic features attributed
to BPSG with those of a PECVD nitride. Fig. 13 shows D and H profiles in sample HONpB
after annealing in DFG at the given conditions. Qualitatively, the profile shown for after
60 min at 600°C describes all samples annealed at up to this time and temperature; that
shown for after 30 min at 700°C also applies to 300 min at 600°C and 30 min at 800°C.
We presume the step in the concentration depth profiles at the depth of 75 nm signals
the interface between BPSG and SisN,. This result is within 25% of the nominal BPSG
film thickness, and, therefore, within the estimated accuracy of our profiling technique. D is
found mainly at the interface and extending into the nitride, whereas H is present throughout
the BPSG layer, in the nitride, and apparently in the underlying SiO5. The profiles indicate
D at a somewhat lower concentration than in the uncapped nitrides subjected to equivalent
annealings. H is present at a significant concentration in BPSG and at a higher level in
the nitride, in reasonable agreement with Fig. 7(b). Both results for D and H in BPSG
are consistent with Figs. 11 and 12. Fig. 14 shows D and H amounts in sample HONpB
after annealing. H amounts are very high, as expected from the profiles, and decrease with
increasing annealing temperature. Such decrease was seen to be characteristic of the nitrides
(Fig. 8) and also of the BPSG single layer, specifically in going from 60 min to 300 min at
600°C. The amounts of D incorporated are similar to those found in the nitrides, but a
unique feature of sample HONpB is a minimum in D incorporation between the extreme
annealing temperatures. Data for the single BPSG layer (Fig. 12) indicate monotonically
decreasing D amounts for increasing annealing time and temperature, which combined with

the continuous increase expected for the underlying nitride layer in sample HONpB produce
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the observed result.

Our results most clearly restate the permeability of BPSG to D and H [4]. Its rather
high efficiency in transporting hydrogenous species (as stated by the level of D incorporation
at and H loss from the underlying nitride) should be related to the presence of boron and
phosphorous, as originally done in connection to data for doped poly-Si [4]. The decreasing
D uptake with increasing annealing temperature is consistent with relatively weak B-D(H)
and P-D(H) bonding, high thermal budgets leading to depassivation rather than exchange.
The high H amount in BPSG doubtlessly not prone to exchange remains to be explained.

Our annealing experiments with BPSG films indicate that:

e as-deposited samples present H concentration close to 8 at.-%, evenly distributed ex-

cept for depletion at the surface and interface with c¢-Si;
e H loss is expressive only in going from 60 to 300 min at 600°C;
e D uptake is maximum at or below 30 min at 500°C;
e BPSG is quite efficient in transporting D(H) to underlying films;
e BPSG is very little prone to isotope exchange.

It should be noted that the physical properties of BPSG greatly depend on boron and
phosphorous doping, which vary significantly depending on its application. Given the ob-
servations above, we believe that BPSG should be separated from the SiOy/Si interface by
a barrier to the transport of hydrogenous species if increased benefit is to be obtained from

the hydrogen isotope effect.

IV. SUMMARY AND CONCLUSIONS

We have studied D and H transport and exchange upon thermal annealing in typical
MOS device structures in the ranges 10 — 300 min and 350 — 800°C using ERD. Our results
indicate advantage in comparison to SIMS in the accuracy with which D and H amounts were
determined; concentration depth profiling was limited by depth resolution. Poly-Si/SiO,/Si,
silicon nitrides, silicon oxynitride, and BPSG layers and stacks were investigated. Our results

clearly show that poly-Si and BPSG are effective in transporting hydrogenous species at
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rather low temperatures. Silicon nitrides, on the other hand, are good barriers, even at
relatively high temperatures. This barrier, however, can be overcome depending on nitride
thickness and annealing time and temperature. Deposition of poly-Si from a deuterated

source does not seem to be a key element.
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LIST OF TABLES

TABLE I: Sample identification and nominal structure (i.e. intended from film growth or deposi-

tion).

Nominal sample structure (on Si substrate)

Sample® Base film Film 2 Film 3

DOPr 2 nm SiOg 150 nm RTCVD poly-Si —
DONp 2 nm SiOq 50 nm PECVD SizNy —
HOPr 55 nm SiOs 200 nm RTCVD poly-Si —
HOPy, 55 nm SiOs 200 nm LPCVD poly-Si —
HOP{,Np 55 nm SiO9 200 nm LPCVD poly-Si 50 nm PECVD SigNy
HONp 55 nm SiO2 50 nm PECVD Si3Ny —
HON;, 55 nm SiOs 50 nm LPCVD SigNy —
HONx 55 nm SiOz 50 nm RTP SizNy —
HONpB 55 nm SiOs 50 nm PECVD SisNg; 100 nm BPSG
HOX 55 nm SiOy 50 nm RTCVD SigONj3 —
HB 100 nm BPSG — —
HBNp 100 nm BPSG 50 nm PECVD SigNy —

?Samples have been coded using the following convention: D or H stand for the isotope from deposition
(i.e. in the CVD precursors); O stands for oxide, P for poly-Si, N for nitride, X for oxynitride, and B for
BPSG; Indices denote deposition process: R for RTCVD, P for PECVD, L for LPCVD, and X for RTP. For
example, DOPy is a stack of silicon oxide and poly-Si on Si, in which the poly-Si was deposited by RTCVD

using SiD4 as precursor.
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FIGURE CAPTIONS

FIG. 1: (a) Experimental (data points) and simulated (line) ERD spectrum for a sample of a H
isotope exchange experiment (the arrows indicate the position in the recoil spectrum corresponding
to the indicated isotope at the sample surface); (b) D concentration depth profile producing the

high-energy region (above 0.8 MeV) of the simulated curve.

FIG. 2: (a) D and (b) H concentration depth profiles in sample DOPg after 30 min annealings
in HFG at the temperatures indicated. The results are estimated to be accurate to better than
+30% in both concentration and depth scales. In this and forthcoming profile plots, the nominal
sample structure is indicated with the sample label; marks at the top axis indicate the location of

interfaces as extracted from ERD simulations.

FIG. 3: D and H areal densities beyond 105 nm in sample DOPgR as a function of annealing
temperature in HFG with annealing time as parameter. The error bar (lo) shown for D also

applies to H and refers only to the analytical procedure.

FIG. 4: (a) D and (b) H concentration depth profiles in sample HOPg after 30 min annealings in

DFG at the temperatures indicated.

FIG. 5: D and H areal densities in samples DOPg (beyond 105 nm) and HOPg (beyond 130 nm)

as a function of annealing temperature after 30 min annealings in HFG and DFG, respectively.

FIG. 6: (a) D and (b) H concentration depth profiles in various nitride samples after 300 min
annealings in DFG at 600°C.
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FIG. 7: (a) D and (b) H concentration depth profiles in sample HONp after 30 min annealings in

DFG at the temperatures indicated.

FIG. 8: D and H areal densities in samples DONp and HONp as a function of annealing temperature

after 30 min annealings in HFG and DFG, respectively.

FIG. 9: (a) D and (b) H concentration depth profiles in sample HOX after annealings in DFG at

the temperatures and for the times indicated.

FIG. 10: D, H, and D plus H areal densities in sample HOX after annealings in DFG at the

temperatures and for the times indicated.

FIG. 11: (a) D and (b) H concentration depth profiles in sample HB after annealings in DFG at

the temperatures and for the times indicated.

FIG. 12: D, H, and D plus H areal densities in sample HB after annealings in DFG at the temper-

atures and for the times indicated.

FIG. 13: (a) D and (b) H concentration depth profiles in sample HONpB after annealings in DFG

at the temperatures and for the times indicated.

FIG. 14: D, H, and D plus H areal densities in sample HONpB after annealings in DFG at the

temperatures and for the times indicated.
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Krug et. al., Fig. 4
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Krug et. al., Fig. 5
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Krug et. al., Fig. 6
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Krug et. al., Fig. 7
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Krug et. al., Fig. 8
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Krug et. al., Fig. 9
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Krug et. al., Fig. 10
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Krug et. al., Fig. 11
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Krug et. al., Fig. 12
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Krug et. al., Fig. 13
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Krug et. al., Fig. 14
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