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ABSTRACT

Silicon oxides thermally grown in H,0, 0, HC1/0, and Cl;/0; ambients were
analyzed, via H(IBF ay) 180 nuclear reaction and SIMS, for the presence of
hydrogen. In addition, those oxides grown in HCL/O, and Cl2/02 ambients were
analyzed with SI¥MS for the presence of chlorine. The SIMS data show thatr the
hydrogen levels in these oxides were below the limit of detection for nuclear
reaction experiments. The 3sgLt depth-profiles show that chlorine is enriched
at the Si0, interface for the HCl/0; grown oxides while it is more evenly
distributed in oxide bulk in the Clp/02 grown samples.

INTRODLC1 ION

It has long been speculatad that hydrozen (ov water) is incorporated into
thermally grown SiO; films on silicon during the oxzidation process and this
hydrogen contaminant plays an important role in the interiace properties {1-31.
However, apart from the measuremenfs by Beckmann and Harrick [4] using Infrarad
internal reiiection spectroscovny, direct evidence uf the existence of hydrogen
has been lacking. Recent development of nuclear reaction techniques such as
H(lgF QT)laO and H(lsﬁ HV)IZC [5,6] show great promise for absolute deter-
mination of hydrogen in solids, but search for hydrogen at the $i0./Si interface
has produced negative results [7]. One problem associatad with nuclear reaction
experiments is beam-induced hydrogen mobility [7,8,9] which could conceivably )
drive the hydrogen away from the interface. Since this beam-induce

is thought ro be a thermal effect, we have,
perform

d migration

in the present work, undertaken to
'9F nuclear reaction experiments on samples cooled to -40°C to determine
the hydrogen concentration and distribution in thermally grown Si0,. In addition,

we have also used the secondary ion mass spectrometry (5135) technique to obtain
hydrogen depth profiles on the same saaples.

It 1s w21l known that tha sence ot chlorine during the oxidation of silicon
produces severdl peneiflcizi zffects in the eleccrical characteristics or MOS
devices. As a result, numero ied out on the role of

i
chlorine have been extensively
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nt study, we have determined
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us studies have been car
ineccrporation In Si0; films and the resulrts
reviewed racently by Monxowski [10]. In the san
the depth-profiles of chlorine using SIMS in several $i0. films grown in
HCOL/O02 and Cl2/0, ambicnts under a variety of conditions.
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i data from previous work and their siecnificance are discussed.
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EXPERIMENTAL

The LH(ISF,CLY)NO resonant nuclear reaction experiments were carried out at the
Oak Ridge National Laboratory Tandem Van der Graaff accelerator. The
experimental set—-up was similar to that described previously [9,11]. The sample
holder was in contact with a liquid nitrogea reservoir via a copper shroud such
that the samples could be cooled by conduction. After several hours of cooling,
a final temperature of -40°C was reached. Depth profiling was accomplished by
raising the beam energy (in the labt frame) from 16.4 MeV to 17.4 MeV, equivalent
to a depth of about 0.4 pm in SiO,. A second strong resonance at 17.56 MeV lab
energy limits the useful range to this particular depth.

The SIMS depth profiles were measurad using a newly developed SIPS-SIMS scanning
ion probe. The sputtered-induced photon spectrometry (SIPS) part of the
apparatus was not used in this series of experiments. To perform hydrogen
analysis using SIMS, special care was made to keep the hydrogen partial pressure
low during analysis and the Art ion heam was mass analysed so that no proton
component was allowed to reach the target. Typical prassure in the target
chamber during analysis was 5 x 107°? torr. The 7 keV_Ar+ beam was focussed to
100 um in diamecer with a current density of 6 ms cm °. Raster-galing technique
{12] was used to achieve maximum depth resolution. To overcowme charging of the
Si0, surface, a 2 keV electron beam feccussed to a 3 mn diameter spor was directed
on to the target surface. Neutralization was complete with an electron beam
current of about 40 pA. These neutralization conditions were very similar to
those described by Magee and Harrington [13].

RESULTS

19F Nuclear Reaction

Four Si0». .73 zrown in (a) H.0 at 900°C for 40 mins., (b) dry 0. at 1100°C for
50 mins., (¢) HCL{6%)/02 at 1130°C 7or 20 mins., and (d) Cl2(0.7%)/0, at 1150°C
far 20 mins. were depth-profiled. Throughout the 0.4 um depth being probed, the

¥-ray counts nev2r rose above background which was determined with the beam on and
no target. Our calculation indicated that the level of hydrogen throughout the
bulk must be less than “102% atoms cw ® and if the hydrogen was concentrated at

the interface, chen its density must be below 2 x 10'* atoms cm™? since the depth

- . o
resolution of the !7F beam was 200 A.

shis

In addition to the above four 3i0,; films, four other films were examined by SIMS.
Sauwples (e), (f) and (g) wer2 grown in HC1(67%)/0> ambient at 1100°C for 10 min.,

33 min. and 55 =in. respectively, and sample (h) in Cl.(53%)/0; at 1100°C for
10 min.

: . 16 30 o - - , ; )

Fig. 1 shous the '°0F and 7Si* depeh profiles of the BCL(67) /0> (1150°C) oxide,
i.e., sample ¢, under conditiocas of complete and incomplete nautralizatiou. It is
;%ear that if the surface 'is not completely necvtralized by the cileccron beam, the

"éf'profileﬁ become distorted. Before profiling Iyt or 35c1t for each
sanple, a&n 0" profile was always taken to see if complete neutralization was in

. 1, . ' . . .

ihe 'HF dench profiles for the cight samples are shown in Figs. 2(a) and 2(b).
The hydrogen councentration was calibrated by a single-crystalline Si wafer im-
ola

2lanced with a known dose of protoas. This would serve as an approximate
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calibration since a proton implanted SiQ; standard was not iyailable. Allowing
for oxygen enhancement effect in the 8iD, in which the 3°Sil" signal i§l20 times
higher than in S5i, we obtain a calibration factor of 1 x 10" counts s for

1 x 10%! H atoms cm ? in Si0z. The neutralizing action of the electron beam also
caused electron-stimulated desorbed (esd) gt to form a background 1yt signal.
The 'HT profiles shown in Fig. 2 all have this esd background subtracted. The
esd background was measured periodically during the depth-profiling process by
simply blocking off the ion beam momentarily.

The 3°C1* profiles are shown in Fig. 3. The chlorine concantration was
calibrated by Rutherford backscattering performed on samples e, f and g, at
Brookhaven National Laboratory. The consistency between the RBS and the SIMS data
is extremely good, with all three samples yilelding a calibratiown factor gf
(8.4 + 0.1) x 10'7 atous cm™? per ¢/s at a sputtering rate of 3.1 £ 0.1 A s~

D1SCUSSION

Hydrogen

The fact that hydrogen was not detected in Lhe '9F nuelezr reaction experiments is
consistent with previous observations by Benenson et al. [7] using the 3N
reaction. Howevar, from the SIMS data, it is clear that the reason for the lacx
of hvdrogen is due to the low levels of hydrogen concentration in samples a, b, ¢
and d, all v10'? atoms cm™?, thus falling below the limit of detection Ffor nuclear
raaction.

SIMS measurements show an enrichment of hydrogen at the $i0,;/Si interface in all
the samples. The highest level of hydrogen concentrat’ » cccurs in sample h,
thermally grown in 37 Cl./02 ambient. Tihe hydrogen is daistributed throughout the
bulk in this szzmsle, with an average concentratiocn of ~3 x 10%° atoms em 3.

Chlorine

The S1MS 33%ci™t depth profiles of the oxides grown in H(C1/0: ambients (samples c,
e, f and g) agree very well wich previous SIMS data obtained by Deal 2t al. [1%].
The chlorine shows enrichment at the $i0,/S7 interface as well as on the immediate
surface of 5iOa.

.
The 23C1% depth prcfiles iu the C1,/0, oxides (sawples d and h) show that the
chlorine is more evenly distributed in the oxide rather than simply piling up at
the interface. This finding closely resembles that of van der Meulen et al. {15]
who usad Ruzharfurd backscattering cto show that under similar growth coaditiocns
the additiva species Cl; resulces in higher, more evenly distributed chlorine
levels in the oxide as opposad to the occurrence of hizhest chlorine concentration
at the $iD;/S5i interface for the HC1 oxides.

- . - . . L3 - . )
A featur= quiite apparent in th= Sc1t profiles is the presence.of a sharp peak at
the $i02/Si inrerface as woll as a diffuse bud
e

i ldup within the bulk oxide extending
from a maximum near the int

rface. The development with increasing oxidation time
of these two aspects of the profile can be followed in the series (), (£), (g).
At 10 min., the diffuse buildup is present only as a slight shoulder, while at 35
and 55 min. it appears as a orominent peak. The effect of increased chlorine
"partial pressur2 can be seen in (d) and (h) a2s the chlorine extends further away
from che interface into the oxide, while the interface peak becomes only a
shouldaer in the profile of the CL2(5%)/0, film.
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These developments can be explainad as due to the incorporation of chlorine into
the Si0; network within the bulk, and into a separate phase at the $i0,/Si
interface. Observations of such an interfacial phase have been described by
Monkowski et al. [16]. Support for this hypothesis is found in the Iyt profiles
(Figs. 2a and b) which appear to coincide more with the network chlorine than with
the ‘interfacial phase.

The total amount of chlorine in the film (determined by integrating the area under
the ¥5crt prafiles) in the HCL(6Z)/0; series is quite lineart with axidation time.
This trend, despite the existence of chlorine in two disparate phases, indicates
that chlorine incorporation is limited by a reaction with silicon at the interface
as suggested by earlier work [17]. This implies that the shape of the network
chlorine profile is likely due to the relative increase in Cla partial pressure at
the growth interface as the transport of 0; becomes diffusion limited.
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