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Abstract
Characteristic peculiarities of the generation and propagation of dislocations
in nitrogen-doped silicon wafers (grown by the Czochralski method) were
investigated by the four-point bending method. The critical stresses for the
dislocation generation and dislocation velocity in nitrogen crystals are less than
in non-doped crystals for equal loads. It was proposed that the strengthening
of nitrogen-doped crystals is caused by the influence of nitrogen on the
decomposition of the supersaturated oxygen solid solution during the cooling
of the growing single crystals. As a result, many dispersed oxygen precipitates
are generated in the crystal volume and harden it by hindering dislocation
generation and propagation.

1. Introduction

In early papers on mechanical properties of silicon single crystals [1–5] it was shown that
nitrogen doping caused material strengthening and, particularly, an increase of the upper limit
of the plasticity. The earlier authors paid no attention to the nature of this effect and did not
investigate the characteristic peculiarities of the generation and propagation of dislocations in
nitrogen-doped silicon crystals. The purpose of this report is the investigation of characteristic
properties of generation and propagation of dislocations in nitrogen-doped ‘vacancy-type’
silicon wafers by the four-point bending method in the temperature interval 500–800 ◦C.

2. Investigation technique

The wafers investigated were cut from nitrogen-doped,150 mm diameter ‘vacancy-type’ single
crystals. The boron-controlled resistivity of the nitrogen-doped samples was about 5 � cm.
For comparison, we investigated ‘control’ non-nitrogen-doped samples prepared from crystal
grown in the same conditions. The oxygen concentration was (7–8) × 1017 cm−3 in all wafers.
The list of the particular wafers used in the present study (all in the as-grown state) is as follows:
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• sample series 1: nitrogen concentration in the melt CN = 1.6 × 1014 cm−3 (labelled
NM—nitrogen medium);

• sample series 2: nitrogen concentration in the melt CN = 1.6 × 1015 cm−3 (labelled
NH—nitrogen high)

• sample series 3: non-nitrogen-doped (labelled N0—nitrogen zero).

Samples for mechanical testing had the form of parallelepipeds with dimensions
25 × 4 × 0.6 mm3. The plane of the large side was {100}; the long edge of the sample was ori-
entated along the 〈110〉 direction. Samples were etched in a mixture of hydrofluoric and nitric
acids (HF:HNO3 = 1:6) for 5 min. Layers of thickness ∼40 µm were removed from each sur-
face during the etching. Subsequently, the {100} surfaces of the samples were marked with 5–6
imprints from an indenter (Knupp) with a load of 0.25 N and an exposure time of about 15 s. The
distance between imprints along the sample was 100 µm. After this, the samples were subjected
to four-point bending [7]. The sample side with the imprints was stretched. The sample was
placed into the furnace (already heated up to the desired temperature). In these conditions, the
time taken to heat the sample to the loading temperature did not exceed 5 min. The time of expo-
sure to the load was 20 min. After this, the sample was removed from the furnace and quenched
in air. The dislocation pattern produced after loading was inspected with an optical microscope,
after etching in a 1.5 M CrO3:HF = 1:1 mixture for 5 min. Indentation produced dislocation
half-loops; each half-loop consists of two 60◦ segments and one screw segment lying parallel
to the surface of the sample. We concentrated on the movements of the 60◦ segments.

3. Results

The dislocation velocity, as a function of the applied shear stress τ , is shown in figure 1, for
loading at 500 and 600 ◦C. At higher loading temperatures, 700 and 800 ◦C, we could not
plot the V (τ ) function, because of the easy plastic flow: the unlocking stress was close to
the plasticity limit. The numerous slip bands originating from the bulk sources masked the
dislocations introduced by the indenter prints. The dislocation velocity could thus be measured
only within a narrow interval of stress.

The temperature dependence of the dislocation velocity, for some characteristic values
of stress, is shown in figure 2. Here results for only two values of T (500 and 600 ◦C) are
presented, for the reason mentioned above.

Figures 3(a), (b) show histograms of the nitrogen effect on the unlocking stress, τcr ,
for indenter-induced dislocations, and on the stress τpl inducing a plastic flow (dislocation
generation at numerous bulk sources). The two stresses are represented by a lower and upper
column, respectively. In figure 3(a) the effect of the temperature, at specified nitrogen content,
is shown, while in figure 3(b) the same data are presented in a form showing the effect of
nitrogen at specified T .

The elements of the histograms at 500 ◦C contain black and white regions. The boundary
between the shaded regions corresponds to the stress of brittle damage. The upper boundary
of the shaded regions corresponds to the upper limit of plasticity at 500 ◦C.

The dependence on the nitrogen content of the unlocking stress is shown in figure 4, for the
whole temperature range. There is a considerable—by a factor of 2—increase in the unlocking
stress due to nitrogen doping. The nitrogen effect is already strong at the medium doping level
(NM), and further increase in CN does not add much to the material strength.

In figure 5 the temperature dependences of the characteristic stresses are presented.
Nitrogen doping increases not only the unlocking stress (τcr ) but also the critical stress (τpl)
for plastic flow caused by internal dislocation sources. The latter effect is most pronounced at
temperature higher than 600 ◦C.
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Figure 1. The dependence of the dislocation velocity on the applied shear stress, at T = 500 and
600 ◦C, in nitrogen-doped and reference crystals.
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Figure 2. The temperature dependence of the dislocation velocity (in a limited temperature range
500–600 ◦C).

4. Discussion

The nature of the deformation is fundamentally changed within the temperature range 500–
800 ◦C, at the stress level employed. The generation and motion of dislocations induced by
the surface sources can be reliably monitored only at 500 and 600 ◦C, in the stress range 30–
130 MPa. Higher stress results in brittle damage (at 500 ◦C) or combined plastic bending and
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Figure 3. Histograms of the unlocking stress, τcr , and the critical stress for plastic flow caused
by bulk sources, τpl : (a) presentation of data at various temperature T ; (b) presentation of data at
various nitrogen contents, CN.

Figure 4. The dependence on the nitrogen concentration of the unlocking stress, τcr , for T = 500–
800 ◦C.

brittle damage (at 600 ◦C). At 700 ◦C—and to a greater extent at 800 ◦C—a drastic activation
of bulk dislocation sources takes place. Accordingly, the unlocking stress and the plastic flow
stress become comparable. The dislocation density in the sample bulk was strongly increased,
the distinct slip bands were formed, and at stress more than 50 MPa a plastic bending—without
any features of brittle damage—was observed. Therefore, it was practically impossible to
measure the dynamic properties of dislocations at elevated loading temperatures. In short, it
can be said that there is a well pronounced transition from the brittle damage (at lower T ) to
plastic deformation (at higher T ). The transition is at about 600 ◦C.

Doping with nitrogen results in the material strengthening which is manifested in an
increase in both the unlocking stress and the critical stress for plastic flow, and also in a
decreased dislocation velocity (and increased activation energy).
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Figure 5. The temperature dependence of the unlocking stress, τcr (�), and the critical stress of
plastic flow caused by bulk sources, τpl (•).

A medium doping level (1014 cm−3) is already enough to produce the strengthening effect.
The unlocking stress becomes twice as large as that in non-doped material. The activation
energy of dislocation motion is reduced by a factor of 1.15. The critical stress for plastic flow
is increased significantly at 700 and 800 ◦C.

A higher doping level does not add much to the nitrogen-induced strengthening of silicon.
On the contrary, the critical plastic stress is even reduced at higher CN.

The multi-step annealing reduces the nitrogen-induced strengthening effect but does not
eliminate it completely.

At the moment, it is hard to interpret, in a unique way, the nitrogen effect on the mechanical
properties of silicon. It starts at surprisingly low concentration—only 1014 cm−3. For
comparison, the conventionaldopants affect the strength at concentrations higher by 3–4 orders
of magnitude [8]. Therefore one could think that the nitrogen effect does not occur by direct
interaction with the dislocation core but rather by the effect of nitrogen on the intrinsic point
defects, in the course of crystal growth. We already pointed out that the nitrogen effect can
be attributed to an enhanced oxygen precipitation at low T (below 800 ◦C). As a result, a high
density of tiny oxygen clusters may be formed, and these clusters are obstacles for dislocation
motion. This hypothesis is considered as crucial for the interpretation of the nitrogen-induced
strengthening. At the same time, the absence of further strengthening on increasing CN to
1015 cm−3 may indicate a direct effect of nitrogen on the dislocation generation and motion.
The nitrogen solid solution is highly supersaturated, due to the limited solubility, and nitrogen
can precipitate into very small clusters. This process may occur both in the course of crystal
cooling and during subsequent anneals.

5. Conclusions

We have investigated the characteristic property generation and propagation of dislocations
in nitrogen-doped silicon wafers (grown by the Czochralski method) by applying four-point
bending. It is shown that the presence of nitrogen both increases the resolved shear stress and
increases the stress formation in dislocations from internal sources. The dislocation velocities
in nitrogen-doped crystals are higher than in non-doped crystals, for equal loads. It has been
proposed that the process of strengthening by oxygen in the crystal occurs while cooling the
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ingot and, as a result, there is an increase in volume of the finely dispersed crystalline oxygen
precipitates. The precipitates hinder the generation and propagation of dislocations.
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