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Using the temperature gradient method at high pressure and temperature (TG-HPHT), we have grown 3 diamond

single crystals from growth media Co−Fe−C−N and Ni−Fe−C−N with a concentration of singly substitutional

nitrogen atoms (C centers) in the range (0.7−1.35) · 1020 cm−3 . Samples were made from 2 of them for the

study of electrical properties by the Hall effect method in van der Pauw geometry. The dependences of the

resistivity and the Hall coefficient on temperature are investigated, by which the temperature dependences of

the concentration of free electrons and their Hall mobility are calculated. For a sample with a concentration of

C centers ∼ 1020 cm−3, the temperature dependence of electrical conductivity was investigated. At T > 650K,

linear sections of ln(σ ) dependences on the inverse temperature 1/T are observed, on the basis of which the

activation energies of conductivity 1.5−1.64 eV are determined, higher than those of previously studied samples

with a lower nitrogen concentration grown by the same method. In samples with C-center concentrations of

0.7 · 1020 and 1.35 · 1020 cm−3 , the dependences of ln(n) on 1/T are linear throughout the studied temperature

range. Based on them, the values of donor ionization energy Ed = 1.32 eV; 1.53 eV, and compensation ratios equal

to k = 25 and 45% are calculated, which are significantly higher than the values for diamonds with a lower nitrogen

concentration studied before. It is assumed that the acceptors are iron atoms, complexes of iron and nitrogen atoms

in the substitutional position, complexes of iron atoms with vacancies, as predicted theoretically, as well as similar

impurity centers based on nickel and cobalt atoms.
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ionization energy of donors, activation energy of conductivity.
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1. Introduction

Diamond doped with nitrogen in the substitutional posi-

tion Ns (Ns is the nitrogen concentration) is a wide-band

n-type semiconductor [1–3], and the applications of such

synthetic diamond single crystals, which are known as type

Ib diamonds [1,4], in electronics and optoelectronics are

being studied actively at present. A thin (10 nm) nitrogen-

doped layer was used to produce a p−n junction in a p-type
composite Schottky diode operating at temperatures up to

1000◦C in vacuum [5]. Nitrogen-doped diamond layers

were used in a Schottky p−n diode [6], an inversion p-
channel MOS transistor [7], single-photon pin diodes [8],
and high-temperature light-emitting pin diodes [9]. New

signal processing techniques provide an opportunity to use

type Ib diamonds in modern high-dose radiation therapy,

where conventional dosimeters have certain limitations [10].
The dependences of concentration of free electrons and

their mobility were examined in our study [3] by the Hall

effect method within the 550−1143K temperature range at

a nitrogen dopant concentration of (1018−6.5) · 1019 cm−3.

It was found that, in accordance with the trend observed in

other semiconductors, donor ionization energy Ed decreases

to a minimum of 1.33± 0.01 eV with an increase in their

concentration Nd . Specifically, a dependence of this kind

for diamonds doped with phosphorus was analyzed in [11].
In the case of diamond doping with boron, concentra-

tion transitions to the degenerate semiconductor state, a

semiconductor−semimetal transition, and a transition to the

superconducting state at low temperatures are observed

at concentrations > 3 · 1020 cm−3 [12,13]. Such heavily

boron-doped diamonds provide an opportunity to form fine

ohmic contacts to p-type diamond. Nitrogen-doped type Ib

diamonds are also of interest in the context of advancement

of diamond electronics. The ionization energy of donors

in them should be significantly lower than 1.7 eV, and they

may have sufficiently high concentration and mobility of free

electrons. The trend of Ed reduction and growth of the con-

centration of free electrons observed in [3] should naturally

continue with a further increase in Ns . However, Ed for

the sample with the highest concentration Ns turned out to

be noticeably higher (1.41± 0.03 eV). The reason for this
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deviation is unclear, and further studies are needed to clarify

the dependence of the energy of ionization of donor nitro-

gen atoms on their concentration at Ns > 6.5 · 1019 cm−3.

The study of electrical properties of heavily nitrogen-doped

type Ib diamonds is also of interest in the context of their

superconductivity, which was predicted theoretically (in
much the same way as for boron-doped diamonds [14–16])
at a dopant concentration greater than ∼ 1021 cm3. The first

signs of local superconductivity of nitrogen-doped diamonds

have already been observed in [17–19] at concentrations

Ns < 6 · 1019 cm−3. However, it is rather difficult to grow

sufficiently large single crystals of type Ib diamond with high

concentration Ns > 6.5 · 1019 cm−3 and a low concentration

of defects in the form of paired nitrogen atoms (A-centers).
In general, the study of electrical properties of heavily

nitrogen-doped type Ib diamond single crystals is relevant

both to determining the possibilities of practical application

of such crystals and to improving their growth methods.

It was established in [3] that the lowest compensation

ratio k = Na/Nd < 1%, where Na is the acceptor concentra-

tion, corresponds to diamonds with a low level of nitrogen

doping ∼ 1018 cm−3 produced by the homoepitaxial growth

method on a single-crystal diamond substrate from the va-

por phase (CVD method). Single crystals of diamond with

nitrogen concentrations within the (0.95−6.5) · 1019 cm−3

range grown by the temperature gradient method at high

pressure and temperature (TG-HPHT) [20] have a fairly

significant fraction of acceptors (∼ 10−20%), and one

of the samples even had a significantly higher value of

k ∼ 37%. It should be noted that the calculations in [3] were
performed under the approximation that Hall scattering

factor γ , which is equal to the ratio of the drift mobility

of free carriers to the Hall mobility, assumes a value

of 1. Theoretical estimates of γ in [21] suggest a more

correct value of γ = 1.5± 0.3. The same value follows

from a comparison of the mobilities of free electrons

in phosphorus-doped diamonds [22] and holes in boron-

doped diamonds [23] measured by the time-of-flight method

and the Hall effect method. The use of this γ value

leads to a slight reduction in k for the experimental

data [3] to (6−12)% in all diamond samples grown by the

TG-HPHT method (except for the sample with the highest

k = 30± 5%). The nature of acceptor states is not entirely

clear in this case, since the main acceptor in diamonds

is boron, but the concentration of boron in the studied

diamonds was < 1016 cm−3 (i.e., no less than 2 orders of

magnitude lower than the concentration of nitrogen donors).
When the HPHT method is used, diamond single crystals

are produced from a solution of carbon in melts of transition

metals (primarily iron with cobalt, nickel, and manganese

additives). The concentration of metallic impurities in high-

quality single crystals may be quite low. For example, it was

(0.5−1.5) · 1018 cm−3 in the samples examined in [17–19],
but the role of impurities in the process of carrier transport

remains understudied.

The density functional method was used in a recent

theoretical study [24] to simulate possible energy levels of

iron atoms, complexes of iron and nitrogen atoms in the

substitutional position (Fes−Ns), and complexes of iron

atoms with vacancies in a diamond supercell of 1000 atoms.

It was demonstrated that such complexes may have acceptor

properties. Metal nitrides (e. g., Fe3N) are used both as an

additive to the solvent catalyst and as a growth medium

to increase the nitrogen concentration in HPHT-grown

diamonds [25,26]. This provides an opportunity to raise

the concentration of nitrogen atoms in the substitutional

position to Ns ∼ 1.4 · 1020 cm−3. It is of interest to

determine how the increase in concentration of nitrogen

donors provided by this growth method affects the electrical

properties of diamonds (specifically, the concentration of

acceptors). Thus, the aim of the present study was to

examine the electrical properties of HPHT-grown single-

crystal diamond samples with nitrogen concentration Ns

within the (0.7−1.4) · 1020 cm−3 range and to compare the

obtained results with the data reported earlier in [3].

2. Experimental samples
and measurement procedure

Three diamond single crystals were grown using the

temperature gradient method at high P, T (TG-HPHT).
Crystal #ND-2 was grown in a high-pressure

”
toroid“ setup

in the Fe−Co−C−N system [19]. Crystals #185 and #443

were produced using a BARS press-free high-pressure

”
split sphere“ apparatus [20] in the Ni−Fe−C−N (#185)
and Co−Fe−C−N (#443) systems [26]. Pure chemical

compounds were used to avoid accidental contamination of

grown diamonds with other impurities. Two square-shaped

samples were formed by laser cutting and mechanical

polishing from crystals #ND-2 and #185 for subsequent

studies of electrical properties by Hall effect measurements

in the van der Pauw geometry (Figures 1, a and b).
The samples were cleaned from surface contamination

by etching in a boiling mixture of hydrochloric and nitric

acids (3 : 1 by volume) for 2 h with subsequent rinsing in

deionized water and annealing in atmosphere at T = 680◦C

for 20min. Following this, layers of Ti with a thick-

ness of 5 nm and Pt with a thickness of 200 nm were

deposited by magnetron sputtering through contact masks.

Annealing was performed in vacuum (10−5−10−6 Torr) at

T = 650◦C for 20min after the deposition of Ti and Pt

layers to form titanium carbide. This ensured linearity

of the current–voltage characteristics within a wide range

of temperatures up to ∼ 1000K. The Pt layer prevents

oxidation of titanium in air and maintains good adhesion

in the process of subsequent heating during measurements.

Such contacts of a finite area provide a reduction in contact

resistance and are suitable for investigating the electrical

characteristics of nitrogen-doped diamond single crystals

by the van der Pauw method [27]. Electrical contacts

to the third crystal (#443) were fabricated in a similar

manner; the difference was that two contacts were formed

on opposite planar growth faces (111) of the crystal (see
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Figure 1. a, b — Photographic images of experimental samples #ND-2 and #185 cut from nitrogen-doped diamond single crystals with

corner contacts and welded gold microwires for resistivity measurements by the van der Pauw method. c — Photographic image of

sample #443; d — cross-sectional diagram of sample #443 with 4-contact pads on opposite sides for 4-point resistance measurements.

A scale with 1mm divisions is shown at the bottom in panels (a−c).

Parameters of the studied samples ∗

Sample Size, Crystallographic Nc (C-centers), N2 (A-centers),
k, %

Ea(σ ), eV Ed , eV

number mm3 orientation 1020 cm−3 1020 cm−3 (±0.01 eV) (±0.01 eV)

#CVD [3] 2.5× 2.5× 0.25 (100) 0.0085± 0.1 − 0.7± 0.2 1.55 1.63

#2 [3] 4.0× 4.0× 0.43 (100) 0.24± 0.02 < 0.01 14± 3 1.35 1.38

#5 [3] 4.0× 4.0× 0.07 (100) 0.5± 0.2 < 0.002 30± 4 1.32 1.33

#ND-2 3.0× 3.0× 0.20 (111) 0.7± 0.03 0.07± 0.02 25± 5 1.50 1.32

#185 2.5× 2.5× 0.25 (111) 1.35± 0.04 0.09± 0.02 45± 5 1.63 1.53

#443 4.0× 2.5× 0.7 (111) 1.02± 0.04 0.07± 0.02 ∗ 1.64 ∗

Note. ∗ The sizes of experimental samples and their crystallographic orientation, concentrations Nc of donor C-centers, concentrations N2 of neutral

A-centers, compensation ratio k calculated using Eq. (2), activation energy of electrical conductivity Ea (σ ), and donor activation energy Ed . The data for

samples #CVD, #2, and #5 from [3] are given for comparison. Symbols ∗ indicate lack of data.

the photo and diagram in Figures 1, c and d). Only the

dependence of electrical resistance on temperature was

examined in this case in 2-point and 4-point arrangements.

Electrical leads in the form of ∅40µm gold wires were

welded to the fabricated contact pads by thermocompression

bonding.

Prior to electrical measurements, IR absorption spectra

were measured to estimate the concentration of donor ni-

trogen atoms (C-centers) and other optically active nitrogen

centers, such as A-centers and N+-centers [28–30]. The

obtained IR spectra are shown in Figure 2, a. Figure 2, b

presents an example mathematical decomposition of the IR

Semiconductors, 2024, Vol. 58, No. 8
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Figure 2. a — IR absorption spectra: black curve — sample #ND-2; red curve — #443; blue curve — #185. The spectra are shifted

along the vertical axis for clarity. (b) — Example decomposition of the absorption spectrum of sample #185 in the single-phonon region

into components corresponding to the spectra of C-, A-, and N+-centers. (A color version of the figure is provided in the online version

of the paper).

spectrum of sample #185 in the nitrogen absorption region

into components corresponding to C-, A-, and N+-centers.

The absolute values of concentrations of nitrogen centers in

the samples are listed in the table.

The local concentration of iron and nickel metal im-

purities from the growth medium was also measured in

sample #185 with the highest nitrogen concentration using

an energy-dispersive spectrometer (EDS) coupled with a

JEM-2010 transmission electron microscope. The focal spot

diameter of the electron beam was ∼ 50 nm, and spectra

were recorded at 15 randomly selected points on a particle

of the given sample of a micrometer size. The average

concentration at ten examined points was ∼ 100 ppm for Fe

and 200 ppm for Ni, although the corresponding values at

the other five points were significantly higher (∼ 5000 ppm

for Fe and 2000 ppm for Ni). Presumably, metals are in a

(partially) dissolved form at most points, and nanoclusters

of the Fe−Ni alloy may also be present at certain points.

Just as in our earlier study [3], electrical measure-

ments were performed using a LakeShoreTM Cryotron-

ics 7707A HMS Hall effect setup. The samples were heated

in an argon atmosphere in a sealed Linkam-1000TS heater,

which provided a maximum temperature of 1000◦C. A suf-

ficient measurement accuracy was achieved at temperatures

> 250−300◦C when the measured resistance of the samples

dropped below 100G�.

Figures 3, 4 present example I−V characteristics of the

studied samples measured at different temperatures with

2-point and 4-point connection through different contact

pads (the pad numbers are indicated in Figure 1). All

these I−V characteristics are linear, which is a necessary

condition for examining the temperature dependence of

electrical resistance. The slopes of the I−V characteristics

corresponding to the values of electrical resistance Ri jkl

(i, j and k, l are the numbers of current and potential

contacts, respectively) determined with connection to pairs

of contacts on different sides of square samples #ND-2

and #185 were fairly close. The differences in slopes are

attributable to the variation of contact area and, possibly,

to a certain spatial non-uniformity in the concentration of

donor nitrogen dopant and acceptor centers.

The current–voltage characteristics measured for sam-

ple #443 in 2-point and 4-point connection arrangements

also remain linear within the entire studied temperature

range. Example I−V characteristics measured at T = 300

and 630◦C are shown in Figure 4. It should be noted that

the resistance values determined in opposite 4-point con-

nection arrangements (R4213 and R1342) match, indicating

high measurement accuracy. However, only the value of

sample resistance R was measured this way; it is difficult to

calculate with reasonable accuracy the value of resistivity ρ

and conductivity σ in such a configuration of contact pads.

3. Experimental results and their analysis

Figure 5 presents the results of measurements of resis-

tivity ρ and Hall coefficient modulus RH as a function

of inverse temperature (Figures 5, a, b) and the obtained

calculated temperature dependences of concentration of free

electrons n and Hall mobility µH (Figures 5, c, d). The

Hall coefficient is negative, which is indicative of electronic

conductivity.

Semiconductors, 2024, Vol. 58, No. 8
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Figure 3. Current–voltage characteristics of sample #ND-2 measured at temperatures of 420 and 600◦C in 2-point (a, c) and 4-point (b, d)
geometries R i jkl , wherei, j are the numbers of current contacts and k, l are the numbers of potential contacts (see Figure 1, a).

The value of n was calculated using known relation

n = γ/(e|RH|) for the Hall effect, where γ is the Hall

scattering factor and e is the electron charge. As was noted

in the Introduction, γ = 1.5± 0.3 based on the theoretical

model [15] and experimental data for phosphorus-doped

diamonds [22,23]. The Hall mobility was calculated as

µH = |RH|/ρ. The data for samples #CVD, #2, and #5

with lower concentrations of nitrogen C-centers from our

earlier study [3] are also shown for comparison. It is

evident that the value of ρ and the Hall coefficient modulus

in samples #ND-2 and #185 with a higher concentration

of C-centers remain significantly higher than the corre-

sponding quantities in sample #2 within the entire studied

temperature range. Concentration n of free electrons in

samples #ND-2 and #185 is 2−3 times and more than an

order of magnitude lower than in sample #2, respectively

(Figure 5, c), although the concentration of donor nitrogen

atoms in samples #ND-2 and #185 is ∼ 3−5.5 times higher

than the one in sample #2. In addition, the slope of curve

n(1/T ) in semi-logarithmic coordinates for sample #ND-2

is almost the same as the one for sample #2, while

sample #185 exhibits a somewhat greater slope.

It can be seen from Figure 5, d that the significant

enhancement of resistivity of samples #ND-2 and #185

compared to #2 is also attributable to significantly lower

electron mobility µH values, although the value of µH for
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Figure 4. Current–voltage characteristics of sample #433 measured at different temperatures in 2-point (a) and 4-point (b) geometries

R i jkl , where i, j are the numbers of current contacts and k, l are the numbers of potential contacts (see the diagram in Figure 1, d).

sample #185 at T = 600−620K is close to the data for

sample #2.

Following [3] and earlier studies for phosphorus-doped

n-type diamond [31–33], we used a theoretical model of

concentration n of free electrons in a partially compensated

n-type semiconductor to determine donor ionization energy

Ed and compensation ratio k = Na/Nd .

The expression for electron concentration n in a partially

compensated n-type semiconductor with Boltzmann statis-

tics and a parabolic conduction band edge is as follows [34]:

gdn(Na + n)

Nc(Nd − Na − n)
= exp

(

−
Ed

kBT

)

, (1)

where Nc = 2
( 2πm∗

d kBT
h2

)3/2
is the effective density of states

in the conduction band, gd = 2 is the donor degen-

eracy factor, Ed is the donor activation energy, kB is

the Boltzmann constant, and h is the Planck constant.

m∗
d = 62/3m1/3

‖ m2/3
⊥ = 1.639m0 is the effective mass for the

equivalent density of states; according to [35], m‖ = 1.56m0

and m⊥ = 0.28m0 .

Since our experimental data indicate that n ≪ Nd and we

assume that acceptor concentration Na is ≥ 1% of Nd , then

n ≪ Na . The left-hand side of expression (1) may then be

simplified, and the resulting shortened expression (2) may

be used to calculate Ed and compensation ratio k based

on the experimentally obtained n(T ) dependencies (as was
done in [3,11]):

n(T ) =
Nc

gd

(1

k
− 1

)

exp
(

−
Ed

kBT

)

. (2)

Using Eq. (2), we found the values of Ed and k via two-

parameter least-squares fitting to the experimental n(T ) data

(see Figure 5, e, where this was done for sample #185).
The results of calculation of Ed and k for samples #ND-2

and #185 are also presented in the table.

Figure 5, f shows the dependence of conductivity σ of

sample #185 on inverse temperature in semi-logarithmic

coordinates that allows one to determine activation en-

ergy Eσ of conductivity within the temperature ranges of

570−650 and 800−1020K. In the high-temperature region,

Eσ = 1.63 eV, which is quite close to the value of 1.7 eV

reported by Farrer [1] in his study of the temperature

dependence of conductivity of diamond samples cut from

a natural type Ib single crystal with a concentration of

nitrogen atoms in the substitutional position of ∼ 1019 cm−3

(this concentration was determined by the electron para-

magnetic resonance (EPR) method). In addition, a fairly

linear section of the dependence of lg(σ ) on 1/T with

activation energy Eσ = 0.73 eV is observed at temperatures

T < 650K in sample #185 (Figure 5, f). However, no such

section is found in the dependence of ln(n) on 1/T (see
Figure 5, c). At the same time, it follows from Figure 5, d

that the electron mobility in this sample at T < 700K is

several times higher than at T > 700K. This translates into

a strong difference in the shape of dependences of ln(ρ)
and ln(n) on 1/T in Figures 5, a and c for sample #185.

Since the dependence of ln(n) on 1/T remains fairly linear

within the entire temperature range, only one donor energy

level is present: Ed = 1.54 eV.

Figure 6 shows a similar dependence of conductivity

σ (1/T ) of sample #443 measured in the 4-point geometry.

Conductivity activation energy Eσ at T > 650K assumes a

value of 1.64 ± 0.02 eV, which is virtually equal to the value

of 1.63 ± 0.02 eV for sample #185. Energy Eσ = 1.5 eV for

the #ND-2 sample is noticeably lower than the indicated

Semiconductors, 2024, Vol. 58, No. 8
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Figure 5. a — Resistivity ρ; b — Hall coefficient modulus |RH|; c — concentration n of free electrons as a function of inverse

temperature; and d — Hall electron mobility µH as a function of temperature. e — Dependence of concentration n of free electrons in

sample #185 on inverse temperature within the 800−1020K range. Symbols represent experimental points, the solid red line is the linear
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Figure 6. Dependence of conductivity σ of sample #443 on

inverse temperature in Arrhenius coordinates.

values, but higher than the one determined for HPHT

diamonds with a lower donor concentration in [3]. Donor

ionization energy Ed = 1.32 eV in sample #ND-2 is virtually

the same as the one in sample #5 from [3], which also had

a high concentration of C-centers and high k . However,

Ed = 1.53 eV in sample #185 is 0.1−0.2 eV higher than the

values obtained for other HPHT diamonds.

It should be noted that sample #185 features a high

compensation ratio: k = (45 ± 5)%. Neutral single nitro-

gen atoms in the substitutional position (C-centers) are

considered to be the primary donors. Theoretical [36,37]
and experimental [38] studies of the donor and acceptor

properties of negatively and positively charged nitrogen

atoms in the substitutional position in diamond have also

been published.

The most well-characterized acceptor in diamond is

boron, but its background concentration in all the studied

samples does not exceed 1016 cm−3, which is several orders

of magnitude lower than the concentration of donors. There-

fore, we do not consider boron to be the main acceptor

impurity in our samples. As was noted in the Introduction,

the acceptor properties of iron atoms, complexes of iron and

nitrogen atoms in the substitutional position (Fes−Ns ), and
complexes of iron atoms with vacancies have recently been

predicted theoretically in [24]. Impurity atoms of nickel and

cobalt and complexes based on them may feature similar

properties [39,40].
The low mobility of free electrons in sample #185

(∼ 25 cm2/(V−1 · s−1) at T > 800K; see Figure 5, d) is

indicative of significant scattering by ionized impurities;

the same was observed, e. g., in a single-crystal diamond

sample doped with phosphorus at a concentration of

7.2 · 1018 cm−3 with a compensation ratio of 93% in [33].

The mobility of free electrons in this diamond decreased

to ∼ 20 cm2/(V−1 · s−1). The electron mobility in sam-

ple #ND-2 reaches its maximum µH = 125 cm2/(V−1 · s−1)
at T = 700K and decreases smoothly to 70 cm2/(V−1 · s−1)
at T = 900K.

At a low concentration of free carriers, the concentra-

tion of ionized impurity centers is Nii ≈ 2Nd in partially

compensated hole semiconductors [33] and Nii ≈ 2Na [22]
in electron semiconductors. Compensation ratios k = 25

and 45% determined experimentally for samples #ND-2

and #185 imply that Nii ≈ 3.5 · 1019 cm−3 for #ND-2

and Nii ≈ 1.2 · 1020 cm−3 for #185. We assume that

this contribution to scattering in our samples may be

greater than the one in the sample examined in [33],
where Nii ≈ 1.3 · 1019 cm−3. Scattering by ionized impurity

centers is the dominant one in this sample in [33]. However,
more accurate calculations with account for the difference

in Debye screening lengths of the ion potential are needed

in the case of diamond doped with nitrogen instead of

phosphorus.

4. Conclusion

Three diamond single crystals with a concentration

of substitutional nitrogen atoms (C-centers) within the

(0.7−1.35) · 1020 cm−3 range were grown using the

TG-HPHT method. Square thin plates were cut from

two crystals to examine their electrical properties by the

Hall effect method in the van der Pauw geometry. Ti−Pt

metal contacts were deposited by magnetron sputtering

onto all samples, and the linearity of their current–voltage
characteristics within the 570−1000K temperature range

was verified. The dependences of resistivity and the

Hall coefficient on temperature were investigated for two

samples. The obtained data were used to calculate the

temperature dependences of concentration of free electrons

and their Hall mobility. The temperature dependence of

conductivity was studied for the sample with a concentration

of C-centers of 1.35 · 1020 cm−3. Linear sections of the

dependences of ln(σ ) on inverse temperature 1/T were

observed at T > 650K. Activation energies of conductivity

Eσ = (1.5−1.64) eV determined based on these sections

are higher than those of TG-HPHT samples with a lower

nitrogen concentration studied earlier in [3]. Moreover, the

value of 1.64 eV is close to the known value of 1.7 eV for

natural type Ib diamonds [1]. The dependence of ln(n) on

1/T for the sample with the highest nitrogen concentration

remains fairly linear within the entire temperature range of

570−620K and corresponds to Ed ≈ 1.53 eV. This value

is 0.1−0.2 eV higher than the donor activation energy in

other diamond samples grown by the HPHT method in

the present study and in [3]. In addition, this sample has

the lowest concentration of free electrons among all the

examined samples (within the entire temperature range) and
the lowest electron mobility (at T > 650K). Accordingly,
it has the highest resistivity and the highest degree of
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compensation of donor centers. The compensation ratio

is as high as (45 ± 5)% in the sample with a concentration

of nitrogen C-centers of 1.35 · 1020 cm−3.

Thus, studies of the electrical properties of highly

nitrogen-doped diamond single crystals grown by the HPHT

method revealed a high degree of compensation of donor

centers, which does not correspond to the background

concentration of boron. This suggests the presence of

other (presumably deep) acceptor centers. The increase in

compensation ratio with increasing nitrogen concentration

is also worth noting. This provides evidence of a correlation

between the concentration of the main donor impurity (ni-
trogen in the substitutional position) and the concentration

of compensating acceptor centers. Theoretical models of the

energy levels of impurity iron atoms, complexes of iron and

nitrogen atoms in the substitution position (Fes−Ns ), and
complexes of iron atoms with vacancies [24] demonstrate

that such complexes may act as acceptors in diamond.

Nickel and cobalt atoms in diamond and complexes based

on them may have similar properties [39,40]. They may

be the cause of significant compensation in TG-HPHT

diamonds, which were examined in the present study and

in [3]. A more thorough examination of the formation

of metal impurity centers in HPHT-grown diamond single

crystals and their energy spectrum should provide a better

understanding of the electrical properties of semiconductor

diamonds and help find a way to reduce the compensation

ratio in highly nitrogen-doped diamonds and improve their

semiconductor properties.
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