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ABSTRACT

Hydrogen and chlorine depth profiles were obtained on a series of silicon

oxides thermally grown in HCl/02 and CI2/O2 ambients at 1100 C for 15 minutes

using the 19F nuclear reaction and SIMS techniques. The data show close

correlation between the H and Cl profiles in both the HCl/O2 and CI.2/O2 oxides.

While the H and Cl appear to be enriched at the SiO2/Si interface of the HCI/O2

oxides, they are higher in concentration and more evenly distributed in the

oxide bulk of the CI2/O2 oxides.
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INTRODUCTION

It is well established that oxidation of silicon in chlorine-containing

ambients results in several beneficial gettering effects including annihilation

of stacking faults, passivation of mobile sodium charges, increase in minority

carrier lifetime <due to gettering of heavy metal impurities) and improvement in

breakdown fields. During the past decade, numerous measurements on the electrical

properties of chlorinated oxides have been reported and these studies have been

reviewed extensively by Monkowski C13. In a recent study C2D by depth-profiting

using secondary ion mass spectrometry (SIMS), we have shown that hydrogen is

closely correlated with the chlorine distribution in SiO2- Hydrogen, of course,

has long been thought of playing an important role in the SiO2/Si interface

properties. For example, it is conceivable that hydrogen could tie up the

dangling bonds of Si and reduce interface states. The bonding energy of H to Si

is ~0.3 eV and the failure of VLSI circuits is characterized by an activation

energy of 0.3 eV. The process responsible for the failure (presumably dielectric

breakdown of the SiO2 film) might be related to hydrogen. Moreover, presence of

SiH groups at the SiOa/Si interface could lead to negative bias instability

which in turn affects the read-write cycles in MNOS memory devices C3H.

Apart from the technological importance of characterizing the SiO2/Si

interface, it also provides an interesting challenge to ion beam analytical

techniques. In nuclear reactions such as 1H(19F,otv)16o and 1Hl15ti,crf)lzC for

hydrogen depth profiling, the problem of beam-induced hydrogen mobility may

cause the hydrogen to be driven away from the interface. In SIMS depth-pro-filing,

the Si02 insulating layer may cause severe surface charging which can either

distort the depth profile or worse still, prevent the detection of secondary

ions altogether.



In the present work, we report a systematic study of the hydrogen and

chlorine concentrations as a function of depth inside a series of oxides thermally

grown in CI2/O2 and HCI/O2 ambients under well-controlled conditions. In addition,

we show how the difficulties mentioned in the preceding paragraph are overcome

in the 19F nuclear reaction and SIMS depth profiling procedures.

EXPERIMENTAL

Thin films of SiO2 were grown by exposing individual single-crystalline Si

wafers to either CU/Os or HCI/O2 ambients at 1100°C for 15 minutes. The

oxidation took place at Cl2 contents of 1%, 2%, 5%, 10%, 15% and 20% and HCl

contents of 6%, 10%, 20%, 30% and 50%.

(a) SIMS

The SIMS depth profiles were measured using a newly developed SIPS-SIMS

scanning ion probe (Fig. 1). The sputter-induced photon spectrometry (SIPS)

part of the apparatus was not activated for this series of experiments. To

perform hydrogen analysis using SIMS, it was essential to keep the hydrogen and

H2O partial pressures low, and the Ar ion beam was mass analyzed so that no_

proton component was allowed to reach the target. The target chamber during

analysis was evacuated to 5 x 10~9 torr by a combination of turbomolecuLar pump

and titanium sublimation pump. The 7 keV Ar ion beam was focussed to 100 ym in

diameter with a current of 0.4 ^A. The beam was rastered in a 500 x 500 um2

pattern and the secondary ion signal was gated to obtain maximum depth resolution

C4D and at a sputtering rate of about 5 A per second in our chlorinated oxide

films.



To overcome charging of the SiO2 surface due to Ar ion bombardment, a

1.6 keV electron beam focussed to a 2 mm diameter spot was directed on to the

target surface. Charge neutralization was usually obtained with an electron

beam current of about 40 jiA although this could vary somewhat from one sample to

another. In all cases, complete neutralization was considered to be achieved

when the I 60 and 30Si depth profiles appeared undistorted as described in our

previous report LZ1. These neutralization conditions were very similar to those

described by Magee and Harrington C5D-

(b) 19F Nuclear Reaction

The IHC19F/ay)
160 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 C6,7J. The sample

holder could accommodate up to 16 samples and was in contact with a liquid

nitrogen reservoir via a copper shroud such that the samples could be cooled by

conduction. A final steady temperature of -130°C was attained after a few hours

of cooling. Depth profiling was accomplished by raising the beam energy (in the

lab frame) from 16.4 MeV to 17.5 MeV, equivalent to a depth of about 0.5 ym in

ojr amorphous SiO2 films. A second strong resonance at 17.56 MeV lab energy

limits the useful range to this particular depth.

To circumvent the problem of beam-induced mobility of hydrogen in the

solid, it was found that the cooling to -13Q°C was absolutely essentiat. In

addition, the total beam current was kept at 8 nA or below Cbeam spot = 2 x 2 mm 2).

Under these conditions, the hydrogen appeared immobile, i.e., the Y~ray count

rate did not decrease as a function of time that the sample was exposed to the



beam. We found that a higher beam current or a higher target temperature would

generally result in hydrogen mobility and irreproducible hydrogen depth profiles.

RESULTS

The SIMS profiles for CL are shown in Figs. 2(a) and (b), and those for H

are shown in Fig. 3(a) and (b) for all six oxides grown in CI2/O2 ambients and

five oxides grown in HCI/O2 ambients. The H profiles obtained by 19F nuclear

reaction for.three of the Cl2/02 oxides are shown in Fig. 4.

The hydrogen concentration was calibrated by 19F nuclear reaction profiling

of a standard Si sample implanted with protons at a dose of 1 x 10 1 6 atoms cm"2

at 35 keV. The unknown H concentration, N u(d), at depth d of the oxide is then
n

simply given by

V d ) Ccoun tS(d).dE/dx3u n k n o M n

NHCstd) Ccounts

The stopping power (dE/dx) . . for the proton-implanted Si is 1.88 MeV/ym

calculated from the Northcliffe and Schilling Tables C8D. Using this stopping

power, the depth profile of the implanted hydrogen agrees well with the predicted

range of proton in Si. The dE/dx for 19F in amorphous SiO2 film can be obtained

from the known thicknesses of these films determined by routine ellipsometric

measurements. We found (dE/dx)c.n = 1.92+0.02 MeV/um since the depth of the

SiO2/Si interface in each of the three oxides profiled was accurately known.

This experimentally determined value for CdE/dx)_.rt is somewhat lower than the
bl U2

2.15 MeV/pm determined from the Northcliffe and Schilling Tables [83 following

their calculation procedure for the stopping power of compounds. The lower

stopping power could be due to the large concentrations of H and Cl in the oxides.



Nevertheless, the experimentally determined stopping power for SiO2 was

preferred.

After the H concentration in the three Cl2/02 oxides were determined fay

nuclear reaction using equation (1), the H concentration in SIMS was derived

simply by comparing the SIMS profiles with the nuclaar reaction profiles, giving

a calibration factor of 1 x 10 1 7 atoms cm"3 per c/s. In the SIMS hydrogen

profile (Figs. 3a and 3b), the background 1H signal due to electron-stimulated

desorption (esd) caused by the charge-neutralizing action of the electron beam

had been subtracted. Typical esd signal level is about one-tenth that of the

sputtered 1H signal.

The Cl concentration in SIMS was determined by comparing with Rutherford

backscattering data obtained on a different set of chlorinated oxides described

in our previous report C2D.

DISCUSSION

This is the first time that nuclear reaction has been successfully used to

detect hydrogen at the SiO2/Si interface. Previous failures C2,9D can be

attributed to at least one of the two following factors: (1) the oxides examined

were grown either in dry oxygen or in steam ambients and the hydrogen content in

these types of oxides is below the detection'limit of nuclear reaction analysis,

and (2) the samples were not cooled and hydrogen was mobile upon irradiation by

the ion beam causing the y count-rates to decrease with time. The H profiles

obtained by nuclear reaction agree very well with the SIMS profiles.



The SIMS 3 5Cl + depth profiles of the SiO2 grown in HCL/02 ambients (Fig. 2b)

show that the Cl is chiefly contained at or near the S1O2/S1 interface. This

agrees with our previous findings C2D as well as the SIMS data obtained by Deal

et al. C1CO. Our present study shows that the Cl concentration at the interface

increases as more HCl is introduced into the oxidizing ambient.

The 3 sCl + depth profiles in the Cl2/02 oxides (Fig. 2a) 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.

CUD who used Rutherford backscattering to show that under similar growth

conditions the additive species CI2 results in higher, more evenly distributed

chlorine levels in the oxide as opposed to the occurrence of highest chlorine

concentration at the SiO2/Si interface for the HCL oxides.

A feature apparent in the 35Cl profiles in the CI2/O2 oxides, especially

in the Lower Cl2 ambient cases, is the presence of two peaks (Fig. 2a) with

increasing chlorine content in the oxidizing ambient, the peak cLosest to the

interface becomes less distinct and appears more like a shoulder. This particular

twin-peak feature suggests that chlorine is incorporated into the SiO2 network

within the bulk as one phase, and as a separate phase at the SiO2/Si interface.

Observations by electron microscopy of such an interfacial phase have been

described by Monkowski et al. C12D. ^

It is interesting to note that the H profiles (Figs. 3a and 3b) follow

closely those of Cl (Fig. 2a and 2b). The concentration of hydrogen is higher

in those regions containing more chlorine. Curiously enough, the H concentration

is higher in the Cl2/02 oxide than the HCl/02 oxides although one would expect



more hydrogen would be availabe in the HCl/02 ambients. We think the correlation

between the Cl and the H profiles clearly shows the gettering effect of chlorine

on hydrogen. We expect that chlorine plays a similar role in gettering heavy

metal impurities in Si and we hope to extend our SIMS depth-profiling work to

study this important effect in semiconductor technology.

CONCLUSION

We have shown that nuclear reaction can be used to detect hydrogen at

SiO2/Si interfaces provided one takes the precaution of coaling the samples as

well as using a low beam current. We have determined experimentally that the

stopping power for 19F in amorphous SiO2 is 1.92+0.02 MeV/ptn. Our SIMS depth-

profiles of chlorine and hydrogen in SiO2 thermally grown in HCL/02 and CI2/O2

ambients clearly demonstrate the gettering effect of chlorine on hydrogen.
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FIGURE CAPTIONS

H g . 1 Schematic diagram of the SIPS-SIMS scanning ion probe.

Fig. 2 (a) SIMS depth profiles for 35Cl in six SiO2 films grown in CI2/O2

ambients at 1100 C for 15 minutes.

<b) SIMS depth profiles for 3 SCl + in five SiO2 films grown in HCl/02

ambients at 1100 C for 15 mirutss.

Fig. 3 Ca) SIMS depth profiles for *H in six Si(>2 films grown in CI2/O2

ambients at 1100°C for 15 minutes.

(b) SIMS depth profiles for *H in five SiO2 films grown in HCL/O2

ambients at 1100°C for 15 minutes.

Fig. 4 19F nuclear reaction profiles in three SiO2 films grown in CI2/O2

ambients at 1100 C for 15 minutes.
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