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A measurement of nitrogen out-diffusion from nitrogen-doped float-zone silicon made using a dislocation
locking technique is presented. Specimens containing a well-defined array of dislocation half-loops are
subjected to identical anneals at 750 °C, during which nitrogen diffuses both to the surface and to the dis-
locations. The specimens are then chemically etched so as to remove different thicknesses of material
from the surface. The stress required to move the dislocations away from the nitrogen is then measured.
The variation in this unlocking stress with thickness of material removed allows some measure of nitrogen
diffusivity to be deduced. The result obtained is consistent with an extrapolation of SIMS out-diffusion
measurements previously performed at higher temperatures, but indicates a different activation energy for
out-diffusion to that associated with dislocation locking by nitrogen.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Nitrogen is added to float-zone silicon (FZ-Si) wafers, as it increases mechanical strength via dislocation
locking [1-3] in the absence of oxygen. Nitrogen doping is also being investigated by manufacturers
of Czochralski silicon (Cz-Si) as a potential means of improving control over both oxygen precipitation
[4-6] and vacancy concentration [7]. Dislocation locking by nitrogen may also become important with
the emergence of strained silicon [8], for which dislocation generation and multiplication is a particular
problem. It is therefore important that the fundamental properties of nitrogen in silicon, such as its diffu-
sivity and binding energy to dislocations, are understood.

Despite many years of investigation, the diffusion of nitrogen in silicon remains a subject of consider-
able debate. Currently the most widely accepted value for the diffusivity of nitrogen is that measured by
Itoh and Abe in a SIMS out-diffusion study, D = 2700 exp (—2.8 eV/kT) cm* s™' for temperatures between
800 °C and 1200 °C [9]. 4b initio modelling has shown that Itoh and Abe’s activation energy for diffu-
sion of 2.8 eV is broadly what would be expected for a nitrogen dimer [10—12], which is known to be
the dominant defect [13, 14]. The pre-exponential factor, however, is extremely large, and the reason for
this is not understood.

Other experiments have reported anomalous nitrogen transport. SIMS measurements using ion-
implanted specimens have shown that a small fraction of the nitrogen moves significantly faster than the
rest [15, 16]. These results have been interpreted by Voronkov and Falster as being a consequence of a
mechanism whereby the dominant nitrogen dimer dissociates into fast-diffusing monomers [17]. Another
set of experiments used a dislocation locking technique [3, 18—23] on nitrogen-doped FZ-Si to make an
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Fig. 1 Results from previous dislocation locking experiments. a) and b) Dislocation unlocking stress against an-
nealing time at two different annealing temperatures [21]. c) An Arrhenius plot of the rate of the initial increase of
dislocation unlocking stress with annealing time, dr,/d¢, for temperatures between 500 °C and 900 °C, using FZ-Si
with [N]=2.2 x 10" cm™ (squares) and [N]=3 x 10" cm™ (circles) [21, 23]. The activation energy for dislocation
locking is found to be 1.5 eV.

indirect measurement of nitrogen diffusion at lower temperatures than those investigated by SIMS [3, 20,
21, 23]. Some of these results are presented in Fig. 1. Specimens containing dislocations were isother-
mally annealed at controlled temperatures for controlled durations, producing dislocation locking. The
stress required to unlock the dislocations was then measured. At all temperatures investigated the unlock-
ing stress initially rose approximately linearly as a function of anneal duration, before taking an ap-
proximately constant value. The gradients of the initial rise in unlocking stress at different annealing
temperatures were then used to determine the activation energy for dislocation locking by nitrogen. The
activation energy for dislocation locking by nitrogen was found to be ~1.5 eV, but it is not clear whether
this is also the activation energy for the transport of nitrogen.

In this present work, the dislocation locking technique is modified to measure out-diffusion of nitro-
gen from FZ-Si directly. Anneals are performed at 750 °C, which is in the temperature range investigated
by the previous dislocation locking experiments [3, 20, 21, 23].

2 Experimental method

The work presented here uses the dislocation locking technique [3, 18—23] to investigate out-diffusion of
nitrogen from as-grown wafers. Specimens were cleaved from a (100) orientation 100  cm nitrogen-
doped FZ-Si wafer with an estimated nitrogen concentration [N] ~ 2.5 x 10'° cm™, and polished to have
dimensions of approximately 30 x 4 x 0.5 mm®. A controlled array of dislocation half-loops was intro-
duced into each bar by indentation followed by four-point bending at 600 °C. These dislocations ex-
tended from the surface to a depth of approximately 100 um.

The specimens were then given identical anneals of 15 hours at 750 °C in an argon ambient. During
the anneal nitrogen diffuses through the bulk and segregates to the dislocation cores, giving a locking
effect. However, the surface of the bar also acts as a sink for nitrogen, so near to the surface there is
competition with the dislocations for the nitrogen. It is therefore believed that due to the out-diffusion

WWW.pss-a.com © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



S IS 26"
9 © o
i 47 b
2258 C. R. Alpass et al.: Out-diffusion of nitrogen from float-zone silicon measured by dislocation locking
80 T T T T T T T T T T T 312
70 - " ]
] [ )
60 _— "
g . 08
S 50 " e '
= m
27 " n
2 40 y i o
0 m 0.6 o
o ] n/ o
£ 30 /
R / D=4x10"cm’s" 1%
= 20 4 ‘/ =4X cm's |
-] /
1/ 402
10- // - |
/
0 T T T T T T T T 0.0
0 10 20 30 40 50 60

Depth of material removed by etch [um]

Fig. 2 Dislocation unlocking stress in nitrogen-doped FZ-Si with [N]=2.5 x 10" cm™ as a function of
depth of material removed by etch, after annealing at 750 °C for 15 hours. The squares represent unlock-
ing stress measurements (left axis). The line fitted to the data is an error function C/C, = erf (x/ 2\/5),
where C/C, is the nitrogen concentration as a proportion of bulk nitrogen concentration, D is the effective
nitrogen diffusivity and ¢ is the anneal time.

process, segments of dislocations near the surface will collect less nitrogen than segments deep in the

bulk.

This effect is overcome in the standard dislocation locking technique by using a planar chemical etch
(comprising HF (40%), HNO; (69%) and CH,;COOH (glacial) in the ratio 8:75:17) after the annealing
stage, to remove a thick layer of material from the surface of the bars. This removes material that has
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Fig.3 Nitrogen diffusivity as a function of temperature. Included are measurements from a SIMS out-

diffusion study [9], standard dislocation locking experiments [23], and this present work.
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been denuded of nitrogen by out-diffusion. In this work, the out-diffusion effect is exploited by varying
the thickness of material removed by this etch, so that regions near the surface can be measured.

The final stage of the technique is to subject the bars to a three-point bend at 550 °C. The bar experi-
ences a stress which varies along its length, so that dislocations experience different stresses depending
on their position along the bar. Above a certain resolved shear stress, known as the unlocking stress,
dislocations become unpinned from the nitrogen and move through the bulk. The unlocking stress is
determined by measuring the position of the dislocation which moved under the least resolved shear
stress, using a preferential chemical etch (CrO; (0.3 M) and HF (40%) in the ratio 5:4) and optical mi-
Croscopy.

The stress required to unlock a dislocation is a measure of the number of impurities at the dislocation
core. Measurements of unlocking stress therefore give information about how bulk impurities segregate to
dislocations. Critically, a dislocation will unlock at its weakest pinned point, that is, the part with the few-
est impurity atoms. If the amount of material removed by the etch is large compared to the distance nitro-
gen has diffused, then all parts of the dislocation which remain will have experienced similar local nitro-
gen concentrations, and will be equally strongly locked. However, if a smaller amount is removed and
regions near the surface that have been affected by out-diffusion remain, then dislocations in these regions
will be locked by fewer impurities, with the number being smallest at the surface of the remaining mate-
rial. These dislocations will unlock at a reduced stress, corresponding to the nitrogen concentration at the
surface of the bar after material was removed by the etch. It is therefore possible to gain some measure of
the nitrogen out-diffusion profile by removing different amounts of material before unlocking. In this
work, the thickness of material removed from the surfaces of the specimens varied from 5 um to 55 pm.

3 Results and discussion

Figure 2 shows the dislocation unlocking stress as a function of the depth of material removed by etch-
ing. As can be seen, the dislocation unlocking stress was found to increase with increasing etch depth,
before levelling off to an approximately constant value.

The data are only indicative of the nitrogen profile in the specimens, as the concentration profile
evolves during the course of the anneal. So, for example, even the very near-surface regions would have
experienced the full nitrogen concentration at the start of the anneal before significant out-diffusion had
occurred. However, the results do give an indication of the scale of nitrogen diffusion to the surface. The
results are shown with a standard Fickian out-diffusion profile, (C — C,)/(C, — C,) = erf (x/ 2Dt ), where
the surface nitrogen concentration C, has been set to zero. It is assumed that the nitrogen concentration C
can be directly related to unlocking stress, with the bulk concentration C, corresponding to the greatest
value measured. The nitrogen diffusivity deduced from this fit, 4 x 10" cm*s™, is shown in Fig. 3,
along with other measurements.

This diffusivity, measured by out-diffusion dislocation locking experiments rather than standard dislo-
cation locking experiments, is consistent with an extrapolation of Itoh and Abe’s out-diffusion diffusivity
measured by SIMS, with an activation energy of 2.8 eV [9]. By contrast, the diffusivity obtained in this
work is significantly different to that inferred from the standard dislocation unlocking data [23]. It may
therefore be that the standard dislocation locking experiments produce an activation energy for disloca-
tion locking by nitrogen which is different to the activation energy for nitrogen diffusion.

4 Summary

A modified dislocation locking technique which uses variable chemical etching is described. This tech-
nique is used to make a measurement of nitrogen out-diffusion from nitrogen-doped float-zone silicon.
The result indicates a nitrogen diffusivity of 4 x 10" cm? s™ at 750 °C, a result consistent with an ex-
trapolation of previous SIMS experiments, but different to that obtained by previous dislocation locking
experiments.
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