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The influence of a lead (Np,=1-10'® cm™2) doping on the kinetics
of the generation of thermodonors (formed at 450 and 650 °C) and
the oxygen precipitation (at 650 °C) in n-Si with the increased
carbon impurity concentration (Ng= (7+8)-10'6 cm—2) is studied.
An acceleration of the low-temperature thermodonors generation
and a deceleration of both the high-temperature thermodonors
generation and oxygen precipitation have been found in a Pb-
doped sample, as compared to the reference one. The results
obtained are interpreted accounting for the interaction of Pb and
C influencing the defect formation processes, namely, due to the
formation of electrically neutral complexes with the participation
of Pb and C. It is shown that the preliminary low-temperature
annealing (450 + 510) °C eliminates the difference in the kinetics
of the generation of high-temperature thermodonors and the
oxygen precipitation between the Pb-doped and reference samples.

Introduction

Isovalent impurities, among which carbon, germanium,
and tin are most studied, exert an essential influence
on the processes of thermal defect formation in silicon
single crystals grown by the Czochralski method. In
the first place, such an influence is associated with
a value and a sign of internal elastic stresses arising
due to a difference between atom sizes of silicon and
isovalent impurities. For this reason, the effect of carbon,
which has small covalent radius as compared with that
of the silicon (Rc = 0.77 A, Rg; = 1.17 A), on the
processes of thermal defect formation is slightly different
from that produced by Ge and Sn impurities (Rge =
1.22 A, Ry, = 1.40 A) Carbon, which decreases a
silicon lattice parameter, decelerates the thermodonor
formation rate in the temperature range 300—500 °C
(TD-I), and completely stops the process of their
formation at high concentrations (N¢ > 107cm™3) [1,
2]. At the same time, carbon accelerates the dissociation
of an oversaturated oxygen solid solution and the
thermodonor formation process in the temperature range
600—800 °C (TD-II) [1, 3—5]. Ge and Sn impurities,
which increase the Si lattice parameter, decelerate both
the formation of TD-I and TD-II, as well as the
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dissociation of the oversaturated oxygen solid solution
[6—10]. Effectiveness of the influence of Ge and Sn
impurities on the thermal defect formation in Si increases
with their concentration. Moreover, the effect becomes
stronger with the increase of the ratio between covalent
atomic radii of the impurities and Si [6, 10]. Therefore,
in the series of Ge, Sn, and Pb impurities, which are
isovalent to Si, the strongest influence on the thermal
defect formation in Si can be expected from lead, whose
covalent radius is maximal (Rp, = 1.46 A). The aim
of our investigations was to obtain the information
about the influence of Pb doping on the thermal defect
formation in Si. In this paper, we have studied the
kinetics of both TD-I and TD-IT generation, as well as
the kinetics of oxygen precipitation in silicon doped by
the lead impurity.

1. Experiment

The study was carried out on the specially crucible-
grown n-Si single crystals, additionally Pb-doped in the
process of growth. n-Si specimens, grown from the same
initial raw materials and under the same conditions, were
used as reference specimens. Initial parameters of the
crystals under investigation are shown in the Table (ng is
the concentration of free electrons at room temperature,
No , N, and Npp, — concentrations of oxygen, carbon,
and lead impurities, respectively).

The concentrations of Pb and C atoms in Si
were measured by the secondary ion mass-spectroscopy
method. The oxygen concentration was determined
from the infrared absorption spectra, while that of
free electrons was calculated from the value of the
room-temperature resistivity measured by the four-point
method, with the assumption of the invariability of

Specimens Npp, No, N¢, no,
1017 em=3 | 107 cm™3 | 106 ¢cm~3 | 105 cm—3
n-Si — 8—8.5 7—8 1.5—1.65
n-Si(Pb) 10 7.5—8 7—8 1.9—2.0
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Fig. 1.
concentration as a function of the duration of HT at 450 °C for
the samples: 1,3 — n-Si, 2— n-Si(Pb). 1,2,3 — No ~ 8- 107
em™3;1,2 — Nog = (7+8)-1018 cm™2, 3 — Ng < 5-1016 cm—3

Change in the room-temperature free electrons

electron mobility. The initial value of the mobility was
determined from the Hall effect measurements (1200
cm?/V:s).

The kinetics of TD-I and TD-II generation was
studied at 450 and 650 °C, respectively. Fig. 1 shows
a change in the room-temperature concentration of free
electrons as a function of the duration of heat treatment
(HT) at 450 °C, for both the Pb-doped and reference
samples with the carbon concentration No= (7+8)-10'6
cm 2, as well as for silicon without Pb with Ng < 5-10'6
cm 2. Since at 450 °C, the primary reason for a change
of the concentration of the of free electrons in silicon
is the TD-I formation, it is seen from Fig. 1 that the
accumulation of TD-I goes far quicker in n-Si(Pb) (curve
2) than in n-Si without Pb (curve ). This means that,
although Pb increases the silicon lattice parameter as
both the Ge and Sn do, the presence of Pb in Si gives rise
to the acceleration of the TD-I generation. At the same
time, in the samples under study, both in n-Si without
Pb and n-Si(Pb), the TD-I generation rate is lower than
that in silicon with N¢ < 51016 cm™3 (curve 9).

Fig. 2 shows a change in the room-temperature
concentration of free electrons (as a result of the TD-
II formation) as a function of the duration of HT at
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Fig. 2. Change in the room-temperature free electrons

concentration as a function of the duration of HT at 650 °C for
the samples: 1,1 — n-Si, 2,2’ — n-Si(Pb); 1/, 2" — subjected to
preliminary HT (at 450 °C for 140 h and at 510 °C for 20 h)

650 °C, for both the n-Si without Pb (curve 1) and n-
Si(Pb) (curve 2). As can be seen from Fig. 2, the TD-II
generation is sufficiently reduced in the doped material,
as compared to the reference one. That is, in this case,
the influence of Pb on the TD-II formation is similar to
that of both Ge and Sn.

Additional information about the mechanism of such
an influence may be obtained from the investigation
of the TD-II generation kinetics after a preliminary
low-temperature annealing of both the Pb-doped and
reference samples. To do the experiment, we used the
samples which had been subjected to HT at 450 °C
for 140 h followed by that at 510 °C for 20 h for the
annealing of TD-I. The results of the study are also
shown in Fig. 2 (curves 1’ and 2’ for n-Si without Pb and
n-Si(Pb), respectively). It is seen that the preliminary
low-temperature HT not only accelerates the TD-II
formation in both the samples, but also leads to the
nearly complete disappearance of the difference in the
kinetics of TD-II generation for these materials.

Since the processes of thermodonor formation and
oxygen precipitation in Si are inseparably associated
with each other, it is of interest to study the effect of
Pb doping on the oxygen precipitation. Fig. 3 shows
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a relative concentration of optically active oxygen as
a function of the duration of HT at 650 °C, for both
the Pb-doped and reference samples, as well as for
those subjected to the preliminary HT according to the
procedure described in the paragraph above. It is seen
that, for the given samples, the kinetics of dissociation of
the oversaturated oxygen solid solution follows the same
tendencies as that of TD-II formation. This means that
the dissociation of the oxygen solid solution goes slower
in n-Si(Pb) (curve 2) than in n-Si without Pb (curve 1),
and this is accompanied with a noticeable increase in the
incubation period. The preliminary low-temperature HT
practically eliminates the effect from the Pb impurity
(see curves 1" and 2 in Fig. 3) simultaneously with the
acceleration of oxygen precipitation.

2. Discussion of the Results

As follows from the above results, the presence of Pb
in Si, on the one hand, accelerates the TD-I generation,
but, on the other hand, it slows down both the TD-
IT generation and oxygen precipitation. However, by
analogy with the effects of Sn and Ge, the doping by
Pb should slow down the processes of both TD-I and
TD-II generation as well as oxygen precipitation. Thus,
in our case, it is necessary to suggest the existence of
additional mechanisms which influence these processes.
Let’s focus attention on the data shown in the table. The
crystals under investigation have the increased carbon
concentration — (7+8)x10'% cm=3. It is known that the
effect of carbon on the TD-I formation is completely
opposite to that produced on both the TD-II formation
and oxygen precipitation: the presence of carbon slows
down the former process and accelerates the latter [1—
5]. In the former case, the effect may be explained by the
formation of various types of electrically neutral (C—O)
complexes [2] like

C+0—-CO (1)
which compete with the processes of TD-I formation
On+0 = Opyr. (2)

Indeed, the TD-I generation rate (see Fig. 1, curve 3) is
higher in Si with the carbon concentration Nc< 5-106
cm ™2 than that in the samples with the increased carbon
concentration (see Fig. 1, curves 1 and 2, respectively).
At HT at T >600 °C, the carbon atoms play role of
centers for heterogeneous oxygen precipitation, which
results in acceleration of both the TD-II generation and
oxygen precipitation [3, 5]. The additional doping of Si
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by Pb slows down these processes, as can be seen from
the experiment.

The obtained results may be explained, assuming
that lead neutralizes the carbon influence on both
the TD-I and TD-II formation. This may occur at
the expense of electrically inactive complexes with the
participation of Pb and C. In this case, an acceleration
of the TD-I generation in n-Si(Pb) is expected, as
compared with the reference sample (see Fig. 1),
because the formation of Pb—C complexes competes
with that of C—O complexes. At the high-temperature
HT, the formation of Pb—C complexes may reduce the
concentration of the centers of heterogeneous oxygen
precipitation with carbon participation, that, in turn,
should slow down both the TD-II generation and oxygen
precipitation. It is this result that is observed in the
experiment.

As can be seen from Figs. 2 and 3, the preliminary
low-temperature HT accelerates the processes of both
TD-II formation and oxygen precipitation. At the same
time, the difference in the kinetics of both the processes
in the Pb-doped and reference samples disappears.
Such a low-temperature HT is considered to lead
to an increase in the concentration of the centers
of heterogeneous oxygen precipitation formed by the
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homogeneous mechanism, and just these centers are
thought to be responsible for the precipitation of oxygen
at higher temperatures [5].

It should also be noted that it is unlikely to expect
the formation of Pb—C complexes due to the carbon
diffusion, which has very small diffusion coefficient
in a nodal state (by one order smaller than that
of oxygen). Rather, a correlated distribution of Pb
and C is established already at the crystal growth.
This may occur because the Pb and C atoms in Si
give rise to the internal elastic stresses of opposite
signs. The diffusion coefficient of carbon, however,
may be sufficiently increased by transferring it into
the interstitial state. This process is possible, when
considering the generation of interstitial silicon upon the
formation of O,, complexes. An interstitial silicon atom
(Si;) is known to effectively interact with a carbon atom
(Cs), transferring the latter into the interstitial state

(Ca) [11]:

Si; + Cs — C;. (3)
In this case, the following reaction is possible:
C; + Pb — (PbC), (4)

which leads to the elimination of both Pb and C atoms
from the process of thermodonor formation. However,
the present data do not allow us to give a preference to

anyone of the possible mechanisms of mutual influence
of Pb and C.

Conclusions

The presence of the isovalent Pb impurity in n-Si
single crystals grown by the Czochralski method and
containing the enhanced carbon concentration Nc=
(7+8)x10% ¢cm~3, leads to:

the acceleration of the TD-I formation,

the deceleration of both the TD-II generation and oxygen
precipitation.

The reason for these effects may lie in the fact
that Pb neutralizes the influence of carbon on the
processes of thermodonor formation due to the formation
of electrically inactive complexes with the participation
of Pb and C.

It is shown that the preliminary low-temperature
annealing at (450 + 510) °C eliminates the difference
in the kinetics of both the TD-II generation and oxygen
precipitation between the Pb-doped and reference
samples. This may occur due to the increase in the
concentration of the centers of heterogeneous oxygen
precipitation formed by the homogeneous mechanism.
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BIJIVB I30BAJIEHTHOI JJOMITITKI CBUHITIO
HA TEPMIYHE JE®EKTOYTBOPEHHS

B KPEMHIT 3 TIIIBATIIEHNIM

BMICTOM BYTJIEITIO

M.M. Kpacvko, B.B. Botimosuy, B.5. Hetimaw,
A.M. Kpativuncovrudi

Pe3smowMme

Jlocmimkeno sryms ceunmio (Npp = 1- 1018 ¢cm™3) wa xineruxy
reseparii TepMOJOHOPIB, MO yTBOpOIOThCA mpu 450 i 650 °C |, a
TakOXK KimeTwky npenumnitanii kucaw npu 650 °C B n-Si 3 migsu-
enoo Kounenrpaniero syraento (Ng = (7 +8) - 1016 cm™—2). Bu-
SABJIEHO, IO B n-Si i3 Pb yTBOpeHHS HU3BKOTEMIEPATYyPHUX TEPMO-
OHODIB Big0yBA€THCSA 3HAYHO IIBHJIINE, & YTBOPEHHS BHCOKOTEM-
epaTypHUX TEPMOJOHOPIB i MpenumiTalnis KHUCHIO — IOBLIbHIIIE
nopiBHsHO 3 N-Si 6e3 Pb. OTpumani pesysbpraru iHTEPHIPETYIOTHCS
3 ypaxyBaHHAM POJi y IpOIEcax TEPMiYHOrO JgedeKTOYTBOpPEeH-
Hsl Mi>KIOMImKOBOI B3aemozii Pb i C BHACIiOK yTBOPEHHS eJIeK-
TPUYHO HEHTPAJbHUX KOMILIEKCiB 3 yuacTio Pb i C. Buasmeno Ta-
KOXK, IO Iomepeniil Hu3bKoremneparypuuii Bignan (450+510) °C
3ryIaPKye BiAMIHHOCTI y KiHeTHKAaxX reHeparil BHCOKOTEMIEPATYP-
HUX T€PMOJOHOPIB i mperumiTaii KUCHIO JJIs IETOBAHOTO CBUHIIEM
i KOHTPOJILHOTO MaTepiaJry.
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