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The change in microhardness of initial n- and p-type silicon containing phosphorus and boron impurities during

neutron transmutation was investigated. It was found that doping silicon with the stable isotope 31P, regardless of the

phosphorus content in the original crystal, leads to an increase in the microhardness of n-Si〈P〉. For p-type silicon

containing boron impurities, microhardness is determined by the ratio of boron and 31P isotope concentrations. It

was established that in p-Si〈B〉, an increase in microhardness of neutron-transmutation p-type silicon is observed

when the concentration ratio N31P/NB > 1. The mechanism of transformation of radiation-induced and intrinsic

defects responsible for the change in microhardness of n- and p-type silicon during neutron transmutation is

discussed.
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1. Introduction

The microhardness of crystals characterizes the quality

and strength of semiconductor materials and is one of

the important physical and mechanical properties. Among

semiconductor crystals, neutron transmutation silicon is

one of the basic materials for the production of power

semiconductor devices, where the main requirements are

a high uniformity of the distribution of alloying impurities

throughout the crystal volume and a minimum radial change

in resistivity across the plate. The dependence of the

degree of transmutation doping of a crystal on the irradiation

time at a constant neutron flux density makes it possible

to regulate the concentration of the introduced isotopic

impurity 31P over a wide range with high accuracy and

obtain monocrystalline silicon with specified electrophysical

parameters. The features of nuclear doping of elementary

semiconductors and semiconductor compounds are given

in Ref. [1], where the influence of various factors on the

properties of nuclear transmutation crystals is considered.

Based on measurements of the microdistribution of

resistivity (ρ) in nuclear-doped silicon with a plate diameter

of ≃ 40mm it was shown in Ref. [2] that the distribution

of the isotope 31P in the sample volume is characterized

by high uniformity. The authors of Refs. [3,4] proposed

methods for obtaining neutron transmutation silicon with

radial uniformity in resistivity for ingots with a diameter of

200mm with a deviation of ρ to 2% across the plate. Howe-

ver, it was found in Refs. [2,5] that the presence of oxygen

impurities and phosphorus atoms in neutron transmutation

silicon during annealing leads to a redistribution of 31P in the

crystal volume. The effect of heat treatment on the electrical

and thermoelectric characteristics of silicon crystals doped

by nuclear transmutation is considered in Ref. [6]. It is

shown that the optimal value of the thermoelectric quality

factor of nuclear-doped silicon is achieved by choosing

the temperature and duration of annealing, as well as the

cooling rate after thermal annealing.

The authors of Ref. [7] proposed a facility for neutron

transmutation doping (NTD) of silicon with a diameter of

203mm and a length of up to 500mm, which reduces the

uneven irradiation of ingots to 5% by using a graphite

reflector and a thermal neutron filter. The improvement

of the radial uniformity of NTD silicon carbide to 1% was

achieved in Ref. [8] by rotating the ingot during irradiation

and optimizing the size of the neutron exit slit. The authors

of Ref. [9] irradiated the samples in the IVV-2M research

reactor at a neutron flux density of 1.46 · 1012 cm−2s−1

for 168 h to obtain a stable, uniformly distributed impurity

of the 31P isotope with a concentration of 1014 cm−3 in

thin silicon films with a thickness of 5 and 15µm. It was

shown in Ref. [10] that adjusting the reactor spectrum using

neutron absorbers makes it possible to adjust the value of ρ

and the silicon doping concentration of 31P over a wide

range in one irradiation cycle. The possibility of using

the doped isotope 31P in case of NTD to determine the

absolute values of the reactor thermal neutron density in the
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fluence range 1012−1018 cm−2 is shown in Ref. [11]. The

authors of Ref. [12] present results on reducing the spread

of electrical resistivity over the volume of a silicon ingot

(especially in height) by using a cadmium shield exposure

device for silicon NTD in a nuclear reactor.

The authors of Ref. [13] found a nonmonotonic change in

the microhardness of monocrystalline silicon at low doses

of electron irradiation.

An analysis of the literature data shows that the main

research results are devoted to the study of the effect

of irradiation and annealing modes on the electrophy-

sical parameters of nuclear transmutation silicon, while

information on the physico-mechanical properties of NTD

silicon, depending on the initial type of conductivity and

phosphorus or boron content, is practically not identified in

the literature. Given that silicon is one of the most important

structural materials in microelectronics and its widespread

use in the manufacture of various hybrid semiconductor

devices and other products, in addition to electrophysical

parameters, there are also requirements for physical and

mechanical properties, in particular microhardness. The

latter is determined by the degree of uniformity of doping,

the state of the formed structural and intrinsic defects, the

type and content of impurities in the crystal, as well as their

interaction during neutron transmutation and annealing of

irradiated samples.

Previously, we studied the effect of electron irradiation

on the microhardness of silicon doped with an admixture

of cobalt in the work of Ref. [14]. At the same time, a

decrease in the microhardness of silicon was found with

an increase in the degree of doping of n-type silicon with

cobalt. It is shown that electron irradiation of samples from

Si〈Co〉 with an energy of 4MeV leads to an increase in

the microhardness of both the initial and doped silicon.

However, the efficiency of increasing microhardness in

unalloyed samples remains higher compared to cobalt-doped

silicon. Similar results were obtained when silicon was

doped with germanium [15], where the microhardness of

monocrystalline silicon decreased with increasing concen-

tration of germanium.

The purpose of this paper is to study changes in

the microhardness of silicon single crystals with different

contents of the initial phosphorus or boron admixture doped

with the isotope 31P as a result of neutron transmutation.

2. Experimental methodology

Silicon grown by the Chokhralsky method with a con-

centration of initial phosphorus ranging from 4 · 1013 to

4.3 · 1014 cm−3, boron from 1.2 · 1014 to 2.5 · 1015 cm−3

and oxygen ∼ 7 · 1017 cm−3 and dislocation density

∼ 104 cm−2 was used for n-Si〈P〉 and p-Si〈B〉 nuclear trans-
mutation doping. Neutron irradiation of silicon wafers with

a diameter of ≈ 45mm was carried out at a temperature no

higher than 60 ◦C in the channel of the VVR-SM reactor

in the fluence range from 1016 to 4 · 1018 n/cm2 followed

by isochronous annealing of NTD silicon at a temperature

of 800 ◦C. 2×4×8mm samples containing different initial

concentrations of phosphorus or boron were made from

these n- and p-Si plates. The change in the concentration of

the main current carriers of the samples was determined by

the Hall coefficient at room temperature, while the deviation

of the radial uniformity values of the neutron-doped (ND)
plates did not exceed 1%. In parallel with ND silicon,

unirradiated samples of n- and p-Si were also annealed. The

measurement of microhardness (H) was carried out using

a digital microhardness tester HVS-1000 by the Vickers

method on the plane 〈111〉 at an indenter load of 50 g

and a loading time of 20 seconds. The resolution of the

micrometer when measuring the diagonal of the indentor

imprint was 0.01µm, microhardness values (HV) were

measured using the Vickers method and averaged based on

the results of 5 measurements. Then, using the well-known

formula

HV = 1.854 · F/d2

the microhardness value was calculated, where F is the

applied load, d is the arithmetic mean of the diagonals of

the rhombic prints.

3. Experimental results and their analysis

The concentrations of current carriers in n- and p-type

silicon were measured before and after annealing at 800 ◦C

for 2 h to control the electrophysical parameters of neutron-

doped samples. It was revealed that the concentration of

current carriers in both n- and p-Si decreases with increasing

integral dose of neutron irradiation. This is due to the

formation of disordered regions and the formation of a

number of spectra that compensate for the deep energy

levels of radiation defect centers and their complexes: the

acceptor type in n-Si and the donor type in p-Si. These

centers, located in the upper and lower half of the silicon

band gap at a distance of 0.16 to 0.45 eV from the bottom

of the conduction band and the ceiling of the valence band

and being traps of current carriers, lead to a significant

increase in the value of ρ. An analysis of the position

of deep RD centers formed in the initial and neutron-

transmutation Si doped with the 31P isotope when irradiated

with 60Co gamma quanta, fast electrons and neutrons shows

that the energy levels of the main RD centers have almost

similar values, which confirms the Hall measurements NTD

samples before and after annealing. We have shown in

Ref. [16] that both without heating and with combined

temperature exposure and electron irradiation with energy

4MeV or by 60Co gamma quanta, known deep levels

with the following energy values are formed in silicon of

n-type: Ec — 0.17 eV (V+O), divacancy (VV) Ec —
0.23 eV and Ec — 0.39 eV, Ec — 0.44 eV (V+P), which

exhibit thermal stability from 160 ◦C to 320 ◦C. Additional

levels with Ec − 0.13 eV and Ec − 0.20V are formed at

irradiation temperatures of ≥ 350 ◦C, which the authors of

Ref. [17] associate with the formation of oxygen vacancy
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Figure 1. Dependence of the concentration of 31P in n- and

p-type silicon on the fluence of neutron irradiation after annealing

at 800 ◦C: 1 — experiment, 2 — calculation.

complexes V2O2 and V3O2 with thermal stability up to

530 ◦C. An additional level of EV − 0.45 eV (V+B) is

formed in silicon of p-type which is thermostable up

to 220 ◦C. However, as experimental data show, during

heat treatment of neutron-irradiated Si samples at 800 ◦C

for ≈ 2 h, complete annealing of point defects and all

formed compensating radiation defects and their complexes

occurs [1], and the concentration of majority charge carriers

in silicon n- increases as a result of the formation of

a shallow stable donor level of the 31P impurity with

Ec − 0.045 eV, i. e., annealing is an integral part of the

technological process for normalizing the parameters of

neutron-transmutation-doped silicon. For p-Si, the change

in the concentration of current carriers is determined by the

boron content in unirradiated silicon and the concentration

of the isotope 31P formed during neutron transmutation.

The formed shallow donor level in the upper half of the

band gap leads to additional compensation p-Si〈B〉. As a

result, the type of conductivity and concentration of current

carriers after annealing of neutron-doped p-silicon depend

on the ratio of concentrations of the initial boron and isotope
31P. It should be noted that during neutron irradiation of

silicon, one of the three naturally stable isotopes — 30Si,

when interacting with thermal neutrons by the reaction 30Si

(n, γ)31Si
β−1
−→ 31P, turns into a donor stable isotope 31P,

and the excited nuclei of 31Si go into a stationary state,

emitting βparticles and gamma quanta, whose energies are

sufficient to form radiation defects, i. e., when exposed to

thermal neutrons on Si, regardless of the initial type of

crystal conductivity, they are formed as an isotope 31P and

the above thermally unstable radiation defect centers.

Change in the concentration of 31P in silicon of n-

and p-type depending on the fluence of neutron irradiation

to 2 · 1018 cm−2 after annealing at 800 ◦C for 2 h is shown

in Figure 1 (curve 1). As can be seen, the concentration

of the formed isotope 31P increases with increasing dose

of neutron irradiation and does not depend on the initial

type of silicon. To compare the experimental data obtained,

taking into account the irradiation modes and the proportion

of slow neutrons in the total reactor neutron flux, the con-

centration of the introduced 31P was calculated (Figure 1,

curve 2) using the formula:

N(31P) = N ·Kσϕt,

where N is the number of silicon atoms in 1 cm−3, K is the

relative content of the isotope 30Si in a natural mixture, σ is

the effective cross-section of radiation capture of thermal

neutrons in 30Si, ϕ is slow neutron flux density, t is

irradiation time.

Measurements of the Hall coefficient and calculation of

the concentration of 31P in silicon samples annealed at

800 ◦C after neutron irradiation in the fluence range from

1016 to 2 · 1018 cm−2 showed that the experimental and

calculated values of N(31P) are in good agreement.

Microhardness dependences (H) of silicon n- and p-type

containing different concentrations of phosphorus (NP) or

boron (NB) in nonradiated crystals, after neutron irradiation

and subsequent annealing are shown in Figures 2 and 3.

The results showed that in n-Si, with an increase in the

concentration of the isotope 31P, the microhardness of the

ND samples increases, while the efficiency of changing

the value H is affected by the phosphorus content in

the unirradiated samples (Figure 2). An increase in the

phosphorus concentration in an unirradiated crystal from

4 · 1013 to 4.3 · 1014 cm−3 after annealing of neutron-doped

samples leads to an increase in H from 7% to 12%,

respectively (Figure 2, curves 2, 4).
It should be noted that a slight increase in microhardness

in neutron-doped n-Si〈P〉 samples was also detected before

annealing, which may be due to the transformation of

interstitial intrinsic defects 30Si, leading to an increase
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Figure 2. Relative change in the microhardness of neutron-

doped silicon of n-type depending on the isotope concentration
31P: after irradiation (1, 3) and after heat treatment at 800 ◦C (2, 4).
Phosphorus content in the initial n-Si; cm3 : 1, 2 — 4 · 1013;
3, 4 — 4.3 · 1014 .
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Figure 3. Relative change in microhardness in neutron-doped

silicon p-type depending on the isotope concentration 31P: after

irradiation (2, 4) and after heat treatment at 800 ◦C — (1, 3);
boron content in the initial p-Si; cm−3 : 1, 2 — 1.2 · 1014 ; 3, 4 —
2.5 · 1015 .
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Figure 4. Dependence of the microhardness of n-Si on the con-

centration of phosphorus and isotope 31P after annealing 800◦C:

1 — without isotope 31P; 2 — isotope-doped 31P.

in the energy of interatomic bonds of the silicon crystal

lattice. The contribution of the initial concentration P(Ninitial)
and the isotope content 31P(N31P), taking into account

their total concentration (Ninitial + N31P), to the change in

the microhardness of neutron-doped silicon is shown in

Figure 4. As can be seen from a comparison of the

microhardness of irradiated and unirradiated n-Si samples

with an identical total phosphorus concentration under the

condition (NP = Ninitial + N31P), an increase of NP in unirra-

diated silicon within the concentration range of 1013 cm−3 to

7 · 1014 cm−3 has practically no effect on the microhardness

value (Figure 4, curve 1). However, an increase in the

total phosphorus concentration (Ninitial + N31P) in silicon

ND to values characteristic of unirradiated samples leads

to an increase in microhardness to 14%, for n-Si with

Ninitial ≃ 8 · 1014 cm−3.

The change in the microhardness of the neutron-doped

p-Si〈B〉 (Figure 3) differs from the behavior of n-Si〈P〉.
The study of the microhardness of the initial boron-doped

silicon (Si〈B〉), a slight change in microhardness H was

found depending on the boron concentration in the range

of 1.2 · 1014−2.5 · 1015 cm−3 . Neutron irradiation of these

samples showed that the change in microhardness (Figure 3,
curve 1−4 in p-Si〈B〉 depends on the boron content (NB) in
unirradiated silicon and is determined by the concentration

ratio NB and N31P of the 31P isotope produced in case of

neutron transmutation. It was found that a slight decrease

in microhardness is observed at the ratio of N31P/NB < 1

compared with the unirradiated p-Si〈B〉, with a plateau

at NB h N31P. With a further increase in the ratio of

N31P/NB > 1, with an increase in the concentration of 31P,

the microhardness begins to increase and is determined by

the dose of neutron irradiation of silicon. Annealing of

irradiated samples at 800 ◦C for 2 h leads to an additional

increase in the microhardness of p-Si〈B〉 to 12% with a

concentration of NB = 1.2 · 1014 cm−3 (Figure 3 curve 1).
This behavior of microhardness in p-Si〈B〉 and n-Si〈P〉 may

be associated with a decrease in the concentration of point

and radiation defect complexes due to their annihilation on

dislocations during annealing, as well as with a decrease in

the magnitude of internal elastic stresses with an increase in

the concentration of 31P in n-Si〈P〉. In the case of p-Si〈B〉,
the increase in microhardness may be associated with a

decrease in the silicon lattice parameter due to a decrease

in the covalent bond length in Si〈B〉 when the phosphorus

isotope is introduced.

It should be noted that isochronous annealing of non-

irradiated initial silicon of n- and p-type at 800 ◦C for 2 h

did not lead to a noticeable change in the microhardness of

the samples.

Thus, it was found that the efficiency of changing the

microhardness of neutron-doped n-Si〈P〉 and p-Si〈B〉 is

determined by the phosphorus or boron content in the

initial silicon and the concentration of transmutation 31P. An

increase in the content of NP and N31P in n-Si leads to an

increase in microhardness, while an increase in the content

of NB in p-Si, in the region of low concentrations of 31P

i. e. N31P < NB contributes to its reduction during neutron

doping.

4. Conclusion

As a result of studies of the microhardness of neutron

transmutation silicon containing phosphorus or boron im-

purities, it was found that the effectiveness of increasing

microhardness at identical concentrations of NP, NB and

neutron doping modes in n-Si〈P〉 higher than in n-Si〈B〉,
and is determined by the concentration of the radionuclide
31P. It was found that in neutron-doped silicon of the p-type

containing boron impurities, an increase in microhardness is

observed at a concentration ratio of N31P/NB > 1.
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