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Determination of solubility of cobalt in singlecrystal silicon method
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The possibility of instrumental neutron activation analysis is revealed for determining the solubility of cobalt

in single-crystal silicon.

It was shown that in n-Si in the diffusion temperature range of 1000—1250°C the

total solubility of the ®Co impurity varies within the concentration range of 2.8 - 10"—9. 10" cm~3, and the
electrically active concentration grows from 10" to 3 - 10'* cm™>. In order to reduce the error in determining the
concentration of 10'® in doped Si samples, it is suggested to use the parent stable isotope rather than the daughter

cobalt radionuclide.

Keywords: monocrystalline silicon, cobalt impurity, diffusion, neutron activation analysis, solubility, irradiation,

radionuclide, concentration.

DOI: 10.21883/PSS.2023.04.55990.557

1. Introduction

One of methods to modify properties and parameters of
semiconductor materials is their doping with impurities that
form deep energy levels in the band gap of the crystal [1].
Usually, these impurities are doped in the process of crystal
growing from liquid phase, during ion implantation of
epitaxial layer, by the nuclear transmutation method, by the
diffusion annealing with applied layer of the doping agent
or from gaseous medium.

The most adaptable to streamlined production, control-
lable and widespread method among the listed above is the
method of thermodiffusion that features the technological
advantage of control over the concentration and depth of
the doping agent in the samples body via measurement of
temperature and time of diffusion in a wide range. The most
extensively studied doped semiconductor crystals include
single crystal silicon. Manu studies [1-4] have been devoted
to the investigation of solubility, coefficient of diffusion,
behavior of different doping agents that form deep defect
centers and their effect on electrophysical properties, re-
combinational, photoelectric and other properties of silicon.
The change in the above-mentioned properties is mainly
determined by concentration the doped element, and the
later depends on its solubility in the crystal. The analysis of
literature information on fast diffusing doping agents shows,
that depending on the type of doping chemical element its
solubility in silicon in the range of diffusion temperature of
800—1250°C varies within 5 - 10'*—10'"® cm—3 [3-5]. For a
number of elements, depending on concentration solubility
of the doping agent under study with Tp > 1250°C a
retrograde behavior of the change is observed [2,5]. The
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impurities doped into silicon manifest donor, acceptor or
amorphous property changing electrophysical characteristics
of the crystal, such as electrical conductivity, type of con-
ductivity, concentration and life time of current carriers [1,3].
However, as experimental findings show, the change in the
above-mentioned characteristics is determined to a signifi-
cant extent by the doping agent content. The comparison
of total concentrations of dissolved impurities [5-8|, for
example, cobalt, at identical temperatures of diffusion shows
that this difference can be as high as one and a half
order of magnitude or more, especially in the region of
diffusion temperatures of Tp > 950°C [3], which may be
due to the use of different techniques by authors of [5-§]
without taking into account features of the impurities and
the dependence of detection limit on the impurity to be
determined [9).

Among the existing techniques to determine concentra-
tion of dissolved elements in silicon the most sensitive and
informative is the monitoring of impurity content by neutron
activation analysis. Authors of [10], by optimizing the size
of samples and parameters of the neutron beam, the time
of exposure and conditions of the analysis, have achieved
a detection limit of up to 10~'*mass% for some chemical
elements.

In [5-9] the radioactive tracer method or activation
analysis has been used to study solubility and state of
Co in the silicon lattice. In these studies, depending on
the method used, the concentration of *°Co radionuclide
was determined after high-temperature diffusion of the
doping agent from the applied layer of CoCl, solution
contained 3°Co [8], and in [5] the ®°Co radionuclide was
monitored after the exposure of the doped silicon to neutron
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irradiation. In the first case the *Co was produced from
iron by the 36Fe(p, 2n)*Co reaction (after irradiation by
protons in a cyclotron), and in the second case the ®Co
was formed under neutron irradiation after thermodiffusion
doping of the silicon from the applied metal layer of *°Co,
a natural stable isotope.

In both cases the concentration of cobalt in silicon was
monitored by measurement of the content of *°Co or
®0Co radionuclide. However, the obtained experimental
results for the solubility of cobalt in silicon are considerably
different [3].

The purpose of this study is to apply the instrument
neutron activation analysis to determine the total solubility
of cobalt doping in the thermodiffusion-doped silicon by
measurement of the content of °Co radionuclide after
neutron irradiation in a WWR-SM nuclear reactor. The
¥Co was chosen for silicon doping due to its acceptor
property, that allows producing compensated Nn-Si with
different specific electrical conductivities, and the ®°Co
radionuclide in Si is a source of gamma-radiation and can
be used as a low-level reference isotope.

2. Experimental results and discussion

Samples of n-type single crystal silicon of KEF grade
with p ~ (2—10)Q2 - cm were studied. Cobalt was injected
into silicon from the metal layer of *Co sputtered in
vacuum on the surface of cleaned silicon samples by heat
treatment (diffusion of Co) in the temperature range of
950—1250°C for 0.5—10h. After removal from the metal
inhomogeneous layer with a thickness of > 110 um from
the surface of samples, specimens were produced from the
resulted doped crystal with uniform distribution of Co in the
Si body for the measurements of electrophysical parameters
and cobalt concentration. Electrophysical parameters of
specimens were measured by the Hall method and the ®°Co
content was measured by neutron activation analysis (NAA).

Experimental data of the distribution of NC060 concen-
tration profiles for samples of Si(*’Co) diffusion-doped at
Tp = 1050 and 1250°C for 10 h after successive removal of
layers with a thickness step of 50 um of sample depth are
shown in Fig. 1. It can be seen from the obtained results,
that the change in the profile of total concentration of cobalt
N(x) in the studied samples of n-Si has an U-shaped form
and N(X) in the homogeneous region within the specified
temperature range varies from 2.8 - 10 to 9- 105 cm—3.
The temperature dependence of current carrier concentra-
tion in doped samples of n-Si(*’Co) measured by means
of Hall effect has shown that cobalt manifests acceptor
properties forming deep centers with the ionization energy
of Ec —0.41eV and E; —0.53eV in the top half of the
band gap of silicon, which is well compliant with the data
of [3]. Tt is found that the above-mentioned centers in n-Si
result in the capture of main current carriers and an increase
in the specific resistance of the initial samples.

The measurement of electrophysical parameters of sam-
ples after diffusion doping of silicon (Si(**Co)) in the
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Figure 1. Distribution of the total concentration of cobalt over
the depth of the doped silicon after diffusion at Tp = 1250 (/) and
1050°C (2) for 10h.

temperature range of 950—1250°C has shown that the
specific resistance (p) increases and at Tp = 1250°C it
reaches the value of ~ 1202 - cm, and in undoped samples
after annealing at the above-mentioned temperature of Tp
the p remains nearly unchanged. This shows, that the cobalt
doping in silicon mainly manifests itself as an acceptor
property, not as an amorphous property as it is shown
in [8], and results in a decrease in concentration of electrons
in n-Si. The manifestation of acceptor property of Co in
Si has been noted in [3-8] as well, where the change
in electrophysical parameters of silicon is connected with
the capture of electrons by deep levels located in the top
half of the band gap of Si with the ionization energy
of Ec — 0.41 0.02¢eV and E; — 0.53 4 0.02 e¢V. However,
according to some data [4,0], the doping of Si with Co
can form a donor center as well with Ec — 0.21 £ 0.02 ¢V,
depending on the rate of cooling of samples after the
thermodiffusion of the doping agent. At the same time,
it has been found that the total concentration of electrically
active centers of Co in Si is not greater than 0.02% of the
total solubility of the doping agent in silicon.

The study of the total solubility of Co in silicon by
the method of instrument neutron activation analysis was
carried out after the irradiation in the channel of reactor up
to a neutron fluence of 2 - 10 cm~2. For the irradiation,
4 sets of Si(Co) samples doped in the temperature range
of 1000—1250°C with a step of 100°C and reference
samples of Al:Co alloy with a metal cobalt content of
0.01 by weight were prepared. Sizes of the irradiated
Si(Co) samples were 12 x 4 x 0.8 mm and density of the
thermal neutron flux was 8.8 - 10'2n/cm~2 - 5. Temperature
of samples during the irradiation was not more than 60°C.
The intensity of gamma-line of irradiated samples was
measured by a semiconductor gamma-spectrometer with a
DGDK-100 AUP-1 K8 ,,Aspekt* detector equipped with the
LAngamma®“ software that allows for direct comparison to
the spectrum of the reference target irradiated in parallel.



528

M.Yu. Tashmetov, Sh. Makhkamov, T.S. Tillaev, M.N. Erdonov, H.M. Kholmedov

N
0

W
[\

oo
1
==

Channel count, momentum
—_
o

M&m Pnimhssorcnens i i i o o

O 1 1 ‘M}“"W“ W\AMMMHMAAAIAM‘AHAMAMIA i
0 500 1000 1500 2000 2500
Energy, keV
1028
b

g

é 768 I

Q

g

9)

g

s 512

=

1)

Q

)

=]

S 256

=

Tl

0 M‘ML ) 1 1 A
0 500 1000 1500 2000 2500
Energy, keV

Figure 2. Spectra of samples of ’Co-doped n-type silicon after irradiation by neutrons with a fluence of 1.03 - 10" em ™2, doping

temperature — 1000°C (a), 1250°C (b).

Time of the gamma-spectrum measurement was 300s. It
is known that the presence of 3°Co doping in silicon
samples and in the reference target under irradiation results
in formation of the ®°Co radionuclide by the °Co(n, y)
reaction with halflife of T;, = 5.24year and thermal
neutron capture cross section of 34.8 barn.

Spectra of gamma-lines of two neutron-irradiated samples
with different content of *Co in the doped Si are shown in
Fig. 2. It can be seen from the figure that after the neutron
irradiation two gamma-lines of ®°Co are observed in the
spectrum in the region of 1173 and 1332keV with gamma-
line amplitude determined by the content of the formed
%0Co radionuclide in samples of Si{(*’Co).

From the comparison of gamma-lines of Si(®°Co) samples
to the spectrum of reference target taking into account
their sizes and masses, neutron flux density, duration of the
irradiation and cross-section of the ¥Co(n, »)®Co nuclear
reaction, the content of cobalt in the neutron-irradiated sam-
ples was determined by the relationship of [11], connected
to the induced activity |

| :mx0.6f0' (1—eMye?r,

e

where my is the content of element of interest, o is nuclear
reaction cross-section for the given stable isotope, f is
neutron flux density; 1 = @ is decay rate of the produced
radioactive isotope; t, T, 7 are duration of irradiation, half-
life and duration of cooling, respectively, M is atomic weight
of the irradiated stable isotope.

Results of the total solubility and the concentration of
electroactive doping of cobalt in n-type silicon in the
diffusion temperature range of 1000—1250°C obtained on
the basis of instrument neutron-activation analysis and Hall
effect are shown in Fig. 3 (lines 7 and 2, respectively).
As can be seen from the figure the total concentration
of ®Co radionuclide (dependence 7) in thermodiffusion-
saturated samples of n-Si(Co) in the above-mentioned
temperature range varies in the range from 2.8 - 10!*cm—3
to 910 cm™3 and can be described by the following
relationship

2.78 £ 0.04
Ne = 2.76 - 10%° exp _278+0.04) ,
Co kT

and electrically active concentration (dependence 2) varies
from 10"® ecm~3 to 3 - 10'* cm—3, which is much lower and
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Figure 3. Temperature dependence of cobalt doping content in
nSi: 1 — total concentration of cobalt; 2 — electrically active
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Figure 4. Calculated dependence of ®*Co radionuclide concen-
tration in the doped silicon from the fluence of neutron irradiation
at the following content of ¥Co in Si: 7 — 1.70- 107 *%; 2 —
3.35-10*%.

is not consistent with the data of [5,8]. It is worth to note,
that the determination of the electrically active component
of the cobalt doping in the reference and irradiated samples
of Si took into account the efficiency of the 3!P stable
isotope formation in Si(°*Co) under neutron transmutation
through the following reaction:
30 31 ! 31
Si(n, y)°'Si X — P,

which is a donor impurity in silicon and results in a change
in the concentration of current carriers in samples [12].

The comparison of our results for solubility to the
literature data [5,6,8] with identical diffusion temperature
(1250°C) shows that the total concentration of cobalt differs
by 2—4times and the concentration of electrically active
cobalt is 0.04% of the total concentration of cobalt. Such a
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low concentration of electroactive state of cobalt in Si{Co)
samples as compared to the total concentration may be
due to the formation of different passive low-size defect
complexes in the body of silicon with the participation of its
own structural inhomogeneities and accompanying process
impurities, such as oxygen and carbon [3].

It is necessary to note that to decrease errors in
determination of the total solubility of cobalt in Si, diffusion-
saturated Si(*’Co) samples were used, which then were
exposed to neutron irradiation, and dose of the neutron
irradiation was pre-calculated taking into account density of
neutron flux, concentration, degree of Si sample saturation
with the ¥Co doping under the thermodiffusion and cross-
sections of thermal neutron capture by cobalt. Calculated
changes in the concentration of ®*Co radionuclide caused by
the neutron irradiation fluence at a limited content of *Co
in Si are shown in Fig. 4. As can be seen from the figure
the increase in content of >°Co in doped samples results in
a non-linear change in concentration of ®°Co radionuclide
as the irradiation fluence varies (curves /,2). This allows
selecting required duration of the irradiation taking into
account the density of neutron flux in the presence of
different concentrations of °Co in the doped samples of
silicon.

When determining the concentration of ®°Co, the etror of
gamma-line measurement by semiconductor spectrometer
was not more than 2—4% and was corrected by the duration
of measurement of the irradiated Si(*Co) samples. Thus,
the difference found between the total solubility of cobalt
in silicon in [8] and in our data is by 2—4times (Fig. 3)
and may be related to improper choice of **Co radionuclide
for thermodiffusion by the authors. It is known that *Co
radionuclide is produced via irradiation in cyclotron by high-
energy protons through *°Fe(p, n)*Co and 3’Fe(p, 2n)**Co
reactions with 77.2-day half-ife of 3Co [13], which further
transforms to the stable parent isotope of iron, i.e. the
presence of difference in solubility of cobalt doping in n-Si
suggests that the cobalt solubility determined in [8] highly
likely refers not to the Co doping but to the **Fe or the >’Fe
parent isotope, from which the *Co radionuclide has been
extracted and CoCl, chloride salt and its solution has been
produced for the diffusion.

The cobalt solubility obtained in [5] differs by
(1.5—2) times from our results, which may be due to the
improper choice of the diffusion duration and insufficient
removal of the 3Co metal layer from the surface of doped
samples after the thermodiffusion, i.e. the content of ®*Co
is measured in an inhomogeneously distributed region of
samples.

3. Conclusion

Based on the study of cobalt solubility in doped single
crystal silicon the possibility is found to use the reactor
neutron activation analysis to determine concentration of
the injected cobalt doping in the solid solution of Si(**Co)
of about 10~!2 mass%.
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Main requirements are established for the samples under
study, that are based on the choice of the doping natural
isotope, temperature, duration of diffusion and homoge-
neously saturated layer in doped samples. It is shown that in
the diffusion temperature range of 1000—1250°C the total
solubility of °Co doping in n-Si varies in the concentration
range of 2.8 - 10'*—9 - 10'> cm~3 and the electrically active
concentration varies in the range from 10'3 to 3 - 10'*cm—3
and is equal to 0.04% of the total solubility. At the
same time, cobalt in N-Si manifests the acceptor property
forming mainly deep centers with levels of E. — 0.41¢V,
and E; — 0.55¢V in the top half of the band gap of silicon.

An assumption is made that to determine the absolute
solubility of doping agents in doped semiconductors by the
reactor neutron activation analysis, it is necessary to use as
ligature the stable parent isotope, that forms after irradiation
a daughter radionuclide with a long half-life and not the
radionuclide of the foreign chemical element.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] A. Milns, Primesi s glubokimi urovnyami v poluprovod-
nikakh, Mir, M., (1977), 562 p. (in Russian).

[2] S. Zi. Fizika poluprovodnikovykh priborov / Transl. eds.
R.A. Suris, Mir, M., (1984), Vol. 1, 456 p. (in Russian)

[3] VL Fistul, Atomy legiruyushchikh primesey v poluprovod-
nikakh (sostoyanie i povedeniye), Fizmatlit, M., (2004),
432 p. (in Russian).

[4] MK. Bakhadyrkhanov, LK. Ortikov, Malyi entsiklope-
dichesky spravochnik po poluprovodnikovym materialam,
Tashkent (2006), 199 p. (in Russian).

[5] N. Wiehl, V. Herpers, E. Weber. J. Radioanal. Chem. 72, I,
69 (1982).

[6] H. Kitagawa, H. Nakashima, K. Hashimoto. Memoirs of the
Kyushu University. Faculty of Eng. 46, 119 (1986).

[7] H.Kitagawa, H. Nakashima, K. Hashimoto. Jpn. J. Appl. Phys.
24, 3, 373 (1985).

[8] MK. Bakhadyrkhanov, B.I. Boltaks, T.S. Kulikov, FTT 12, I,
181 (1970). (in Russian).

[9] LR. Shelpakova, A.V. Shaverina, Analitika i kontrol 15, 2, 141
(2011). (in Russian).

[10] T. Takeuchi, Y. Nakano, T. Fukuda, L. Hikai, A. Osawa,
N. Toyokura. J. Radioanalyt. Nuclear Chem. 168, 2, 367
(1993).

[11] LA. Maslov, V.A. Luknitskiy, Spravochnik po neitronnomu
aktivatsionnomu analizu, Nauka, L., (1971), P. 37. (in
Russian).

[12] Voprosy radiatsionnoy technologii poluprovodnikov / eds.
L.S. Smirnov, Nauka, Novosibirsk (1980), 296 p. (in Russian).

[13] S. Mukhammedov, A. Vasidov, M.N.H. Comsan. Nuclear Data
for proton Activation Analysis. ENPA, Cairo, Egypt (2001).
194 p.

Translated by Y.Alekseev

Physics of the Solid State, 2023, Vol. 65, No. 4



