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The characteristic features of production processes of thermal donors in Czochralski grown silicon heat
treated at T450'C under hydrostatic pressures of about I GPa are studied. Two families of oxygen-related
donors are formed under compressive stess. The first one is the well-known thermal double donors whose
production rate is increased by a factor of five as compared with that observed at atmospheric presstre. Along
with them, new thermal donors with similar energy states are also produced. This family was found to be a
dominant contributor to the thermal donors formed under compressive stress. The features of formation
processes ofboth kinds ofthermal donors are briefly discussed.

Introduction

Czocbralski-gÍorvn silicon (Cz-Si) wafers widely used in the fabrication of electronic devices usually contain
oxygen impurity atoms in abundance, about 8.10'' cm'[,2]. Oxygen precipitates and large-scale structural
defects formed due to heat treatment of Cz-Si are effective traps of metallic impurities and intrinsic defects.
These gettering propeÍies of such oxygen-related defects are of keen interest in the defect engineering in
silicon materials.

The first formation stage of small oxygen aggregates known as Thermal Double Donors (TDDs) spans a
temperature interval between 2n : 400"C and T : 500"C. This dominant family of thermal donors consists of
neaÍly twenty species of shallow and deep donor states between Ec - 45 meV and Ec - 70 meV, and between
Ec - ll0 meV and Ec - 150 meV, respectively (the values are given with the respect to the conduction band).
They have been studied most extensively by various techniques; see review paperc [,2]. Recently it has been
established that the application of compressive stress during heat treatnent of Cz-Si at T : 450"C leads to
sfrong modifications of oxygen agglomeration processes, where other shallow and deep thermal donors are

also produced. Consequently, the TDD family is not the main contributor to the thermal donors formed any
longer [3,4].

In the present work the contributions of different families of thermal donors in Cz-Si heat treated at I=
450'C under high hydrostatic pressures up to P : 1.2 GPa are investigated. Taking into account that the initial
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oxygen content in Cz-Si is an important factor affecting the oxygen agglegation processes we used Cz-Si

wafers with oxygen concentrations above and below a critical one of about 7.10't cm''; see for instance [5].

2 Experimental

Several wafers of carbon-lean Cz-Si doped with boron in concentrations of about 2'10'' cm-'were cut. The

initial oxygen concentrations N-o in samples were 6.0. l0'' cm-'and 9.5'10'' cm-', i.e.below and higher than a

critical value. The classical regimes of heat treatÍnent al T = 450"C for t = 2 hours to l0 hours were used under

a hydrostatic pressurre of 1.2 GPa in pure argon. The temperature region around Í : 450'C at atrnospheric
pressure is known to be appropriate for the most effective production of TDDs. IR absorption and

photoconductivity spectra alT<6 KwererecordedusingalFS-ll3VBrukerspectrometer. Theresolutionwas
I cm-'. To reveal all TDD species, including those displaying the negative U-properties, is possible if the

cooling of heat-treated samples is performed under bandgap illumination [1]. Similar bandgap illumination was

also used in optical measurements at I < 6 K for the appearance of energy states of compensating centers. Hall
effect measurements in the temperature range of 20 - 300 K were made using the Van der Pauw technique.

Elecfrical data were analyzed employing the relevant equations of charge balance; see for instance [6].

3 Results and discussion

For illustration purposes Fig. la and Fig. lb show some plots of electron concentration against reciprocal
temperature for the Cz-Si samples heat-treated under compressive stress at both ends of the time interval
studied. A comprehensive analysis of such n(T) atrves allows one to estimate the total concentrations and

effective ionization energies of shallow and deep centers. As seen in Fig. la, only deep donor states at Er- 115
meV in the Cz-Si with lesser oxygen contents can be detected by Hall effect measurements if the heat

treatment is shoÍ, t < 3 h. However, even in this case the presence of shallow donor states compensated by
boron can be demonstrated by means of optical measurements under bandgap illumination; see Fig. 2.
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Ftg. I Elecfon concentration versas reciprocal temperature in the Cz-Si heatÍeated atT= 450"Cfor t=2 h (open circles)
and r = 10 h (solid circles) under a hydrostatic pressure of P =1.2 GPa. Initial oxygen concenhation N"j: (a) 6.0.10'' cm''
and (ó) 9.5.10" cm''. The effective activation energies of thermal donors are given. The initial material was p-t1pe with
boron concentrations in the low 10t'crn't.
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Fig. 2 IR absorption specffa for the Cz-
Si heat treated at T = 450"C for (a) t : 2
h and (b) l0 h, under a hydrostatic
pressure of P : 1.2 GPa. Initial oxygen
concentration Nooo : 6.0. 10" cm''. Before
measurements the samples were cooled
down to T < 6K under bandgap illumi-
nation. The spectra were also recorded
under bandgap illumination. The known
2p-transitions of the neutral TDD species
are given. Some identified transitions of
the shallow centers of P and B are also
shown.
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Optical spectra permit one to identiff each species of the TDD family and determine its absolute concentration
using the optical cross-sections of the 2po-transitions of the neutral TDDs [7]. As an example, Fig. 2a and Fig.
2b show two IR absorption spectra taken on the Cz-Si with subcritical concentrations of oxygen. It is evident
that the identification of the higher numbered species of TDDs available in concentrations much less than

1.10'' cm-'presents no serious difficulties. The absolute contributions of TDDs to the thermal donors produced
under compressive stress are given in Fig. 3.

Let us fust discuss the inÍluence of hydrostatic pressure upon the TDD production. The enhancement effect
of mechanical stress is much more pronounced in Cz-Si with low oxygen contents. In fact, the production rate

of TDDs in Cz-Si with N*' of about 6.0.10" cm-' under similar heat heafinent conditions at amospheric
pressure is close to 6.10'r cm'' h'; in this connection see also [7]. It increases by a factor of five, up to 3.2.1010

cm'' h'', if high hydrostatic pressure is applied to Cz-Si during heat treatment. It should be mentioned that this
value is even much larger than the production rate of TDDs in Cz-Si with high oxygen contents heat treated

under normal conditions; cf 1.6.10'n cm't h'' in the Cz-Si with N"= 1.1'10't cm" in 181.

Another important feature of the formation process of TDDs under stress is that their production rate at the

beginning of heat freatnent increases linearly with the initial oxygen concentration; cf 3.2.10" cm'' h'' in the

Cz-Si with lV"= 6,0.1017 cm-3 and 4.9.10t4 crn'h' in the Cz-Si with.ly' '= 9.5.10" cm-' . ïhis is in a sharp
contrast to what has been observed in Cz-Si annealed at atmospheric pressure. In the last case the initial
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production rate is dependent on the fourth power of the oxygen concentration; see for instance [,7]. The
formation kinetics of TDDs under normal conditions varies directly with the duration of heat treatnent, up to t
= 20 h. Thereafter it deviates gradually from linearity, approaching a saturation plateau for 100 h s t < 200 h

[8,9]. This is not true for Cz-Si heat treated under compressive stress where the kinetics becomes nonlinear for
t>4h. Asaresult,theproductionrateofTDDsfort= l0hisonlyahalfof thatobservedjustinthebeginning
ofheat heatrnent.
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Fig. 3 TDD distributions in the heat-treated Cz-Si with different initial oxygen conccntrations lÍ-o: (r) 6.0'10''cm'' and
(b) 9.5.10''cm3. Heat heatnent at I= 450"C for r = 2 h (open circles) and l0 h (solid circles) undcr a hydrostatic pressure
P=l.2GPa.

It is well known that the TDD family is a dominant kind of oxygen-related thermal donors formed during heat

treatment of Cz-Si at T = 450oC for t < 200 h under normal conditions. Contrary to this situation, the
application of compressive stress to Cz-Si during the heat treatnent leads to some strong modifications of
oxygen aggregation processes. A combined analysis of the optical and electrical data showed that the fraction
of TDDs formed under pressure is about one-third and one-fiffh of the total concentration of thermal donors in
the Cz-Si with low and high oxygen concentrations, respectively; cf Fig. la and lb vdth Fig. 3. As is evident
from Fig. la and lb, there are a lot of other thermal donors whose shallow and deep enerry states aÍe located
practically in the same ranges as those of the TDDs; see above. However, no sharp spectral lines associated
with new shallow donor states can be seen in the IR absorption specEa, though their presence in Cz-Si
annealed under shess is readily detected by electrical measurements. Further investigations are needed to gain
a deep insight into the nature of these centers. Two characteristic features of their formation kinetics are of
special interest. First, the production rate of these thermal donon was found to be very high, of about 2.10" crn

' h' in the Cz-Si with N-o: 9.5.10'' cm-' in comparison with the maximal production rate of TDDs under
nonnal conditions, where it is smaller by an order of magnitude (see above). Second, their total concentration
increases directly with the duration of heat treatrnent of Cz-Si with high oxygen contents under pressure.

However, the formation kinetics reveals pronounced nonlinearity in materials with low oxygen concentrations.

4 Conclusions

The effects of high hydrostatic pressure upon oxygen agglomeration processes in Cz-Si heat-treated in a
classical way at 2q50oC have been studied in some detail. The fomration of thermal double donors under
compressive stress is gr:eafu enhanced. Moreover, their formation kinetics is markedly changed as compared to
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that observed at atrnospheric pressure. Particularly, it should be pointed out that the initial production rate of
TDDs varies proportional to the oxygen concenfration, in contrast to the forth power law under normal
conditions being well documented in the literature. However, despite the enhanced formation of TDDs under
high hydrostatic pressure they do play a second role among other thermal donors formed. The properties of
new donor centeÍs seem to be pttz.zling taking into consideration that these thermal donors appear to be similar
to the TDDs in some respects. The extemely high rates of their production put them in the forefront of future
investigations.
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