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A critical analysis of the existing methods of controlling the concentration of impurity and majority charge carriers

in wide bandgap semiconductors and the issues of improvement of modern diagnostics of the main electrophysical

properties of single-crystal diamond are considered based on the results of our studies and the works of other

authors. It was found that independent assessment of impurity concentration and concentration of free charge

carriers is of fundamental importance for semiconductor diamond due to very low (less than 1%) degree of

ionization of the introduced impurity. The advantages and prospects of admittance spectroscopy as a diagnostic

method for ultrawide bandgap semiconductors are shown and solutions aimed at the correct interpretation of the

experimental data are proposed. The high ionization energy of boron impurity in diamond (370meV) results in

a strong frequency dispersion of the measured barrier capacitance. It is shown that under disturbance of quasi-

static conditions in capacitance-voltage measurements, low frequencies and high temperatures should be used

for correct assessment of the charge carrier concentration. The results of electrophysical studies are compared

with traditional measurements of impurity concentration in diamond by optical methods. A decrease of hole

activation energy from the boron impurity level from 325 to 100meV was found upon increasing the boron

concentration NA from 2 · 1016 to 4 · 1019 cm−3. The transition to the hopping mechanism of conductivity within

the impurity (acceptor) band with thermal activation energy of 10−20meV was registered for NA ≥ 5 · 1018 cm−3

at temperatures of 120−150K.
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Introduction

The unique electrophysical and mechanical properties of

diamond make it possible to consider it as a quite promising

material for being used in power and optical electronics

as well as operated in extreme conditions [1–6]. For the

high-voltage electronics, the diamond-based semiconductor

devices can significantly reduce energy consumption and

increase limit breakdown voltages, an operating frequency

and temperature [7–11]. Low coefficients of adhesion and

friction in diamond (as compared to silicon) demonstrate

advantages of application of diamond films in micro-

electromechanical (MEM) devices [12–15].Undoped dia-

mond can be used to create sensors of charged particles,

X-ray and ultraviolet radiation [16–18], as well as to create

UV photodetectors [19,20]. On the other hand, impurity

doping to the ultra-high level in extremely narrow layers

(δ-doping) is considered as a real way of creating powerful

unipolar transistors [21–25].

The present review consists of two parts. The first part

is dedicated to critical analysis of the existing methods of

synthesis and doping of the single-crystal diamond as well as

to controlling the concentration of impurities and majority

charge carriers (MCC) in wide bandgap semiconductors as

well as to improving diagnostics of the main electrophysical

properties of the boron-doped single-crystal diamond. The

key diagnostics method used in the present work is

admittance spectroscopy. It is a non-destructive method,

which can be used to carry out quantitative measurements

of static and dynamic characteristics of the charge carriers

and impurity centers in order to predict properties of

manufactured instrument structures.

The second part, which is an experimental one, is

dedicated to careful determination of the concentration

of the majority charge carriers (holes) and the boron

activation energy in diamond samples using temperature and

frequency admittance spectroscopy methods in conditions

of substantially incomplete ionization, which are inherent to

this semiconductor. The results obtained are compared with

measurement results obtained by other authors. It proposes

solutions aimed at correct interpretation of the experimental

data.
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Figure 1. a — the phase diagram with growth conditions of the single-crystal diamond in the HPHT and CVD methods; b — the scheme

of diamond growing in the HPHT method.

1. Theoretical analysis

1.1. Methods of synthesis and doping of

single-crystal diamond

The last decade has witnessed a serious progress in a

technology of synthesis of diamonds of highly structural

perfection [26]. Now we can say that the two main crystal

growth methods — the HPHT method (high pressure

high temperature) and the CVD method (chemical vapor

deposition) are approximately at the same technological

level, whereas each of them has its own features and growth

conditions (Fig. 1, a).

The bulk diamond crystals are successfully grown by the

HPHT method at the temperatures of 1400 ± 50◦C and the

pressures of about 5−6GPa; while modern growth plants

of the Cubic type can provide for high hydrostatic pressure

by means of six ultra-high pressure cylinders [27–29]. As

represented by the
”
New Diamond Technology“ (NDT),

Russia is a world leader in this field [30,31]. Thus, —
in 2020 the company reported about synthesized single

crystals of the weight of more than 100 carats. The HPHT

diamond growth fundamentally differs from the planar

growth of common semiconductors using the Czochralski

method, the band melting method, etc. in simultaneous

growth of crystal faces out of the bulk seeding all at once

at several directions (Fig. 1, b). It is obvious that during the

crystal HPHT growth the first appearing faces are defined

by orientation of the crystal seeding and are perpendicular

to the main growth direction. Further on, in the conditions

of free growth of many faces all at once the crystal habitus

is formed by a ratio of their growth rates, which primarily

depend on the growth temperature provided that the press

pressure is unchanged. When the temperature varies within

the said ranged, it can result in producing the bulk crystals

of the cubic, cuboctahedral, rhombohedral and other forms.

The morphology of the growing crystal can be con-

veniently described by the parameters αv , which are

defined by the ratio of the face growth rates, for example,

αv =
√
3v001/v11 for the faces (001) and (111), respec-

tively [32]. In accordance with the Curie-Wulff principle

underlaying the molecular-kinetic theory of crystal growth,

a crystal surface will have the most developed faces with the

lowest growth rates [33]. As a result, the forming crystal

is governed by the dominating growth of simply formed

faces with the biggest interplanar distance {100}, {110},
{111}, {113}.
The cuboctahedral diamond shape is the most pre-

ferred one for practical microelectronical applications. It

is implemented with the ratio of the growth rates for

the [001] and [111] directions v001/v111 ≈ 1.15 [34], which

corresponds to αv ∼ 2.

The HPHT-synthesized crystal is cut to parallel-plane

plates for the subsequent post-growth technological oper-

ations. A set of the plates cut from one impurity-doped

diamond crystal is shown on Fig. 2.

The epitaxial layers and the individual bulk diamond

crystals are produced by chemical vapor deposition (CVD).
For implementation of this method one should mention

the works [35–41]. The CVD crystal growth requires a

diamond single-crystal substrate, which is usually a HPHT-

produced plate. The standard CVD-growth method is

based on plasma activation of hydrogen atoms and carbon-

containing radicals, whose subsequent deposition to the

substrate ensures formation of the diamond film as a result

of a complex of surface chemical reactions. For the effective

growth of the diamond films it is necessary to provide for

non-equilibrium concentration of atomic hydrogen near the

substrate surface [42].

Modern commercial CVD reactors with the plasma

activation can be used to grow the diamond epitaxial

films with the rate above 1µm/h [43]. It is ensured
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1 cm

Figure 2. Set of the multi-sector diamond plates, which are cut

from the HPHT crystal grown by NDT.

by effective diffusion transfer of the ionized particles and

radicals (CH3, C2H2, H) out of the plasma bulk to

the substrate. The typical process of deposition of the

diamond films with the plasma activation is realized at

the pressure from 100 to 200 Torr (1Torr ≈ 133.3 Pa) by

magnetron UHF radiation of the frequency of 2.45GHz.

The substrate temperature is maintained within the range

of 700−1100◦C [44,45]. The films are doped during

the growth by using ethanol-dissolved impurity sources, in

particular, trimethyl borate B(OCH3)3 for incorporation of

boron [46].
Note that along with the single-crystal diamond, deto-

nation nano-diamonds have become widespread, which are

synthesized by detonation of powerful explosives in a closed

chamber [47]. These nano-diamonds are applied as a cross-

linking agent by adding into concrete and other building

materials. They are used for polishing processes, in galvanic

production, medicine and biology [48–52].
The undoped, chemically pure diamond is a perfect

dielectric. Its intrinsic charge carrier concentration is

evaluated to be 10−27 cm−3 at the room temperature. The

microelectronical significance is provided to this material

due to possible incorporation of a large concentration of

a dopant. However, due to the high atomic density of

the diamond, there are only a few chemical elements

which can integrate into its crystal lattice and change the

type of the electrical conductance, which is critical for

their instrument applications. In practice, today the most

important dopants include nitrogen, boron and phosphorus.

During the growth, the diamond is doped in both the

methods (HPHT and CVD). Beside the in situ doping, in

some cases impurity implantation is used to create the

doping profile in a near-surface region (for the depth of

several µm). Sometimes, the irradiation by high-energy

particles [53–55] and the implantation of various impurities

are used to incorporate color centers, thereby modifying

the crystal color for jewellery applications [56] or for

subsequent application as ultraviolet and ionising radiation

dosimeters [57].
The nitrogen atom in its isolated form (as a substitution

impurity) as well as in a composition of all possible

compounds (first of all, with vacancies) creates very deep

levels in a diamond band gap (1.6 eV from the conduction

band bottom and deeper [58,59]). In this regard, it is

difficult to consider it as a potential dopant in terms of

the traditional microelectronics. On the other hand, due

to the formation of the NV-centers (the nitrogen-carbon

vacancy complex) the nitrogen-doped diamonds have a

high potential of their use in the photonics as single-phase

radiation sources, in quantum cryptography [60–64] as well
as in studies within quantum calculations [65]. Note also

that for these problems usability of other color centers in

diamond is widely studied, too. SiV [66,67], MgV [68,69],
SnV [70,71].
The boron-doped diamond crystals are now considered

as a base for future new generation instruments of optical-

and micro-electronics and investigated by scientific groups

around the world [72–77].The applications of the boron-

doped semiconductor diamond include the power and

extreme electronics, two-spectrum photodetectors (deep
ultra-violet and near-IR) [78]), etc. In recent years, another

application field is intensely developing - biosensorics,

which is due to biocompatibility of diamond and its very

wide electrochemical window [79,80], which is sized by

changing the boron concentration. The exceptional chemical

resistance of diamond also accounts for its use as an

electrode material in electrochemistry [81,82].
The anisotropy of the growth rate of various faces of

the diamond crystal is also accompanied by a different

speed of incorporation of the impurity thereinto [83,84].
The concentration of the interstitial boron impurity turns

out to be bigger in the crystal faces oriented in the

directions [111] and [110] and lesser for the (100) surface.

Based on measurement of the charge carrier concentration

in the variously oriented planes of the diamond plate, in

the work [84] we have determined a relative value of

the capture coefficients K of the boron impurity for the

faces as K(111) : K(110) : K(100) = 18 : 9 : 1. The various

speeds of incorporation of the impurity into substrates of

the various crystal-lattice orientation are especially critical

for delta-doping [85,86], when the concentration of the

impurity being incorporated is high and the operation time

is calculated in several seconds.

Thus, along with the high potential capabilities of dia-

mond, there are some serious problems in its semiconductor

application due to the anisotropy of the growth and doping

of the single crystal, the wide band gap and the very

small ionization degrees of the interstitial impurity. In this

regard, it is a priority task to study and control the electric

properties of the boron-doped diamond as a physical and

technological base of the instruments of diamond optical-

and micro-electronics. Accordingly, the role of precise

and reliable diagnostics of the impurity composition of the

synthesized diamond structures increases with toughening

the requirements to the material itself.

1.2. Methods of measurement of the
concentration of the impurity and the
majority charge carriers in diamond.
Comparative analysis

The key physical characteristics of any semiconductor

instrument include the concentration and the mobility of
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the charge carriers. As will be shown in the review

hereinafter, for diamond, it turns out to be crucial to

separately determine the concentration of the interstitial

(boron) impurity and the concentration of the free charge

carriers (holes) p achieved at the operating temperature of

the instrument. It is due to an extremely low degree of

thermal ionization of boron atoms (fractions of a percent at

the room temperature).
The widespread methods of controlling the impurity

concentration and the mobile charge carriers include the

secondary ion mass-spectrometry (SIMS), the Hall ef-

fect measurement (the infrared FTIR-spectroscopy (Fourier
Transform Infrared Spectroscopy), the photoconductivity

spectroscopy, the capacitance and admittance spectroscopy.

Each method is based on specific physical principles and,

therefore, it has both advantages and certain disadvantages,

which complicate precise and reliable characterization of

diamond as the microelectronical material.

The time-of-flight SIMS [87] can be used to measure

the complete boron concentration in the sample, but this

method is destructive and insensitive to low impurity

concentrations. The measurements by the capacitance-

voltage characteristics? method (C−V ) [88] and the

galvanomagnetic Hall method [89,90] should be regarded as

non-equilibrium ones as they require application of an exter-

nal electric or magnetic field to the sample. The conditions

closest to the thermodynamically equilibrium mode of the

measurements provide for the direct current conductance

measurements [91,92]. But they are really inferior to

modern diagnostics methods in terms of informativity and,

in addition, require separate knowledge of the mobility of

the charge carriers. Recently, a method of electrochemical

capacitance-voltage profiling has proven well to determine

the concentration of the majority charge carriers (MCC) in

the samples without formed metal contacts [93–96]. But it

turns out to be unacceptable for diamond due to inetchibility

of this material.

There are works on application of laser spark emission

spectroscopy (LIES) for analysis of the impurity composi-

tion of the natural and synthetic diamonds [97]. In principle,

the LIES method can identify a place of excavation in case

of natural diamonds and a growth laboratory in case of

synthetic ones.

Here let us describe a comparative characteristic of the

physical principles and algorithms underlying the FTIR

(the infrared Fourier spectroscopy) and C−V methods and

measurement specific features arising therefrom.

1.2.1. FTIR-measurements of the impurity
concentration

The FTIR-spectroscopy [98] tests the concentration of the

optically active impurity boron atoms regardless of whether

this atom would contribute to the electrical conductance.

The present FTIR spectrum analysis procedure requires

using at least three absorption spectrum peaks in order to

determine the various concentrations of the boron impurity
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Figure 3. Diagram of energy levels of the boron impurity in the

weakly-doped diamond (plotted based on the calculations [100]
and [59] by the effective mass method). The heavy lines (A and B)
designate the main transitions observed in the FTIR technique.

in diamond. It usually uses the absorption bands with

the wavenumbers 2802, 2454 and 1290 cm−1, which are

called the primary, secondary and tertiary bands [99]. The

peaks 2802 and 2454 cm−1 in boron weakly-doped diamond

are created by hole transitions from the main 1s -state to

the system of split excited 2p-states of the acceptor center

(Fig. 3). At the same time, the 1s → 2s transitions turn out

to be forbidden. Note that the wave length conforming to

2802 cm−1 corresponds to the transition energy of 347meV.

It is a maximum boron activation energy registered in the

diamond FTIR spectra.

The heavily-doped samples use the peak at 1290 cm−1,

as due to emergence of the impurity band the narrow

boron responses disappear in the region of intrinsic three-

phonon absorption. The tertiary band is in the defect single-

phonon region and is relatively weak in comparison with

the absorption bands caused by the 1s → 2p transitions in

the weakly doped samples.

As the FTIR spectra are technically measured in a

transmission mode, they ensure determination of the sample

depth averaged concentration of the partially compensated

boron impurity. As it is usually for optics, in order to

obtain quantitative results, calibration of intensity of the

spectrum peaks is applied, whereas it is separate at various

portions of the spectrum. It is calibrated by comparing

with the direct methods of concentration determination

(SIMS [101], the Hall method, the C−V method). The

recent work [99] generalizing multi-year experience of a

Technical Physics, 2023, Vol. 68, No. 1
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team of authors has used the
”
primary standard“ to select

the data of the Hall measurements for normalization. Note,

however, that the Hall method tests the concentration of

the free charge carriers rather than the impurity. And

for the wide bandgap diamond such normalization can

provide a large (hundreds of percent) systematic error in

determination of the impurity concentration, unlike, for

example the capacitance-voltage measurements, which do

not require the normalization and are direct in this case (for
more details see in Section 1.3). When studying the samples

with a non-uniform doping level, including the multi-sector

samples, this method additionally contributes to the error

of the measurement results. In addition, it is obvious that

for the high boron concentrations really demanded in the

electronic industry, the accepted diagram of the energy

levels of the boron impurity (Fig. 3) should be critically

revised.

1.2.2. Voltage-capacitance characteristics, basic
milestones

The capacitance-voltage (or C−V ) profiling technique is

based on quantitative measurement of a charge increment

when the voltage changes [88,102–104]. The classical con-

sideration is based on the fact that the local distribution of

the ion concentrations of the impurity and the mobile charge

carriers determines the increment of the charge dQ itself

as well as the increment of the width of the space charge

region (SCR) with each change of the value of the reversal

shift applied to the structure [105]. By differentiating the

C−V -dependence with respect to voltage, we get a standard

expression for the distribution of the concentration along the

sample depth, which is commonly referred to as an observed

(
”
apparent“) concentration profile [88]:

N(w) =
C3

eεrε0S2

(

dC
dV

)

−1

, (1)

where e — the electron charge, S — the sample area, εr —
the relative permittivity, ε0 — the electrical constant; the

thickness of the depleted layer w, corresponding to the

barrier capacitance C at the given voltage V (designated
as U) is equal to

w =
εrε0S

C
. (2)

It is compared with a current coordinate of the SCR

boundary at this voltage.

The profile (1) depends in a complicated way on the

distribution of the dopant concentration and the location

of the edge of the semiconductor energy band. Only in

case of the uniform semiconductor, in which the impurity

is uniformly distributed and completely ionized, the value

determined from (1) can exactly correspond to the doping

level [103].
In relation to the instrument structures on the single-

crystal diamond, the C−V -profiling is potentially a more

exact and informative method of diagnostics as compared to

the optical measurements of the concentration. Firstly, the

C−V -characteristic is used to calculate the distribution of

the concentration of the ionized impurity (or the majority

charge carriers) along the structure depth rather than the

volume-averaged concentration (Table 1). Secondly, the

operating conditions of the diamond instrument include the

high temperatures and the applied shift, thereby resulting in

the changed concentration of the mobile charge carriers in

relation to the equilibrium one. Unlike FTIR, the C−V
method can characterize the distribution of the charge

carriers in the instrument at the operating temperature and

actually in real operating conditions.

It is obvious that the specific features in the measure-

ments of the concentration of the impurity and the MCCs,

which are shown in Table 1, are true not only for diamond,

but for other wide bandgap materials (SiC, Ga2O3, GaN and

its solid solutions GaAlN).

1.3. Specific features of the capacitance-voltage

measurements of the semiconductor
diamond

1.3.1. Frequency dispersion of the measured
capacitance. Non-quasistatic nature of the
C−V-characteristics

The strong (in several orders) dependence of the mea-

sured barrier capacitance on the frequency is a characteristic

feature of the wide bandgap diamond. The cause of this

effect is closely related to the low degree of ionization

of impurity boron and a low pace of hole emission

from this center into the corresponding band. The test

alternating voltage applied by a capacitance meter disturbs

the equilibrium state of the charge carriers and a capacitance

response received from the sample varies with the frequency

of the applied shift. This effect is called the capacitance dis-

persion and causes disruption of the quasi-static nature (i.e.
independence on the frequency) of the capacitance-voltage

measurements. Accordingly, the
”
apparent“ concentration

also turns out to be dependent on the frequency of a forcing

signal. For the first time it was observed in diamond at

the room temperature by G. Glover [106]. The dispersion

of the barrier capacitance increases with the temperature

decrease (Fig. 4, a). This phenomenon complicates the

interpretation of the results and requires using the non-

equilibrium statistics of the semiconductors for analysis.

Theoretically, the test signal of the very low frequency can

emit the maximum charge carriers from the deep center, and

the high-frequency measurements will almost unchange the

equilibrium distribution of the free holes. Therefore, with

corresponding setup of the experiment the measurements

of the frequency dispersion of the C−V -characteristics can

give the quantitative information both about the impurity

concentration and the equilibrium concentration of the

charge carriers (Fig. 4, b) (pcv here — the observed or

apparent hole concentration calculated from (1)). The

saturation pcv at the low frequencies reflects almost full

Technical Physics, 2023, Vol. 68, No. 1
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Table 1. Measured parameters of the impurity and the majority charge carriers in the bulk doped diamond and the methods applied

Method Measured parameters Specific features

SIMS Complete concentration of the impurity atoms, Nimpur Non-sensitivity to low concentrations

Hall measurements Major charge carriers, p−n Quasi-equilibrium conditions

FTIR measurements
The average value of the concentration of

Normalization for the Hall measurements
the partially compensated impurity, NA−ND

Coordinate distribution

Voltage-capacitance characteristics of the concentration of the ionized impurity Frequency dispersion of the measurement

taking into account its compensation, N−

A −N+
D results
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Figure 4. a — capacitance-voltage C(U)-characteristics of the boron weakly-doped diamond as measured at the temperatures of 220

and 420K. The measurements are carried out at the frequencies 5, 50 and 500 kHz; b — the depth of the concentration profiling at

T = 220K as the function of the frequency of a test signal. The hexagon with a cross — the quasi-static concentration at 420K.

ionization of the impurity in the applied electric field, i.e.

it is possible to evaluate the impurity concentration here

and it will not depend on the temperature. The high-

frequency measurements provide the concentration of the

free charge carriers close to their equilibrium concentration

at a given temperature. We have previously demonstrated it

in [107].
The correlated satellite effect is a dependence of the

width of the space charge region (SCR) on the frequency

of the test signal at the same applied shift. It is clearly

seen on Fig. 4, b, where the profiling portion is deepened

from fractions of µm to 100µm with increase of the

frequency from 1 kHz to 1MHz. This effect can be easily

understood from the perspective of the Gauss theorem

about a recharging-involved complete charge Q of the

carrier-depleted region [103,105]:

1

εrε0
QS = −Es S, (3)

where Es — the value of the field intensity at the sample

surface (at x = 0). For the single-dimension case Es

actually corresponds to the potential difference applied to

the structure. The less ionization degree of the impurity, the

less formed charge and the wider SCR is taken to collect it

for compensation of the applied voltage.

1.3.2. Abnormally large cutoff voltage

The consequence of the phenomena described in the

previous sections is the abnormally large cutoff C−V
voltage. As demonstrated by the measurements, for the

boron weakly- and moderately-doped diamond it can be

from 50 to 200 V at various frequencies depending on

the doping level (Fig. 4, a). It seriously contradicts the

classical model C−V , which correlates the cutoff voltage to

the contact potential difference at the metal-semiconductor

barrier. At the same time, a very small experimentally-

obtained slope of the curve 1/C2−V (fractions of fF/V)
imposes higher requirements to the sensitivity of the

measurement equipment.

In terms of a circuit of connecting the sample to the

recording equipment, this behavior of the capacitance-

voltage characteristics of diamond is explained by the large

consecutive resistance RS of the sample bulk due to weak

ionization of the impurity. This resistance is a non-linear

function of the temperature and, in addition, it varies under

Technical Physics, 2023, Vol. 68, No. 1
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Figure 5. a — the equivalent diagram of the Schottky barrier with diamond; b — measured (symbols) and calculated (solid lines)
capacitance-voltage characteristics of the sample at T = 290K.

impact of the shift applied to the sample. Generally, the

equivalent sample diagram is at least a series-parallel circuit

of a common barrier capacitance of the Schottky diode Cb,

its shunting differential resistance of the space charge

region Rd and the series-connected alternating resistance of

the basic region RS (Fig. 5, a).
In the measurements, the RLC meter reduces the full

equivalent diagram into the two-element parallel or series

one. In a typical case of the C−V -measurements of

the semiconductor with the completely ionized impurity,

when RS does not depend on the temperature and the

true barrier capacitance Cb is distorted only due to

leakage currents through the SCR (which is determined

by the value Rd), the differential capacitance measured

by the instrument with the specific shift is determined

as [103,108,109]:

Cm = Cb

R2
d

(Rd + RS)2
1

1 + [(ωCbRdRS)/(RS + Rd)]2
, (4)

where the proper barrier capacitance

Cb(T ) = S

(

εrε0eN−

A (T )

2(V −Vbi)

)1/2

, (5)

T — the temperature, Vbi — the contact potential difference;

N−

a — the concentration of the ionized acceptor impurity

(boron).
In the real measurements of the semiconductor with

the partially ionized impurity the capacitance Cm depends

on the applied shift and the frequency both through the

respective change Cb and through Rd and RS as well. It

results in the substantial difference of the characteristic

C−2
m (V ) from the characteristic C−2

b (V ), as shown on

Fig. 5, b. So, with increase of the resistance RS and the

test frequency of a measurement signal ω, the characteristic

C−2
m (V ) is initially shifted in parallel along the the ordinate

axis upwards; with their further increase the characteristic

slope decreases and further on it can even change to the

opposite one in accordance with the formula [110]:

pcv

ptrue

=
1

(1− ωCmRS)4
. (6)

At the same time, the cutoff voltage alters the sign.

In accordance with it, the
”
apparent“ concentration pcv

determined as per (1) will substantially differ from the true

charge carrier concentration ptrue and can even become neg-

ative, which is obviously an artefact. We have discussed this

effect in the work [107] in relation to the electrochemical

measurements of the wide bandgap semiconductors.

For the routine C−V measurements of the impurity

concentration in the wide bandgap semiconductor a prac-

tical solution is to use the low frequencies and the high

temperatures with control of the cutoff voltage. On the other

hand, modelling of the experimentally-observed (apparent)
capacitance C−2

m (V ) with fitting to the measured frequency-

dependent C−V -characteristics can carefully determine de-

sired characteristics of the sample [103,111].

1.3.3. What is determined by
the C−V-measurements: the concentration of the
dopant or the concentration of the majority charge
carriers?

The diamond being the wide bandgap semiconductor

(Eg = 5.45 eV) has a high ionization energy EA of the

boron impurity (for the boron weakly-doped diamond the

reference value is EA = 370meV [112,113]). Therefore,

an experimentally-available temperature range is mainly

within the portion of the impurity electrical conductivity.

At these temperatures, only a small portion of the boron

atoms (as noted, below 1%) turns out to be ionized. In

this regard, the C−V -measurements of the semiconductor

diamond include determination of the concentration of the

non-equilibrium free charge carriers, which obviously turns

out to be the temperature-dependent one. And its value

(except for the measurements at the higher temperatures)
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will be less than the concentration of an electrically-

active impurity NA, but higher than the thermodynamically-

equilibrium concentration of the free charge carriers p0. It

is caused by the reversal shift applied to the sample during

the C−V -measurements, which contributes to the additional

ionization of the impurity [114]:

N−

A (x) =
NA

1 + gA exp
[(

EA − EF − eϕ(x)
)

/kT
] , (7)

where gA = 6 — the factor of degeneracy of the energy

level EA of boron in diamond taking into account a spin-

orbit weakly-split band for holes [115]. Here EA the energy

of the Fermi level EF are read from a ceiling of the valence

band, ϕ(x) — the electric potential.

The induced potential available at the temperatures above

the room one results in almost full ionization of the

impurity, and the experiment exhibits no dependence of the

”
apparent“ concentration on the temperature. Without the

large error, it can be assumed that in these conditions the

concentration of the electrically active impurity is measured

(we have studied the similar in GaAs [111,116]). At

the same time, at the temperatures below the room one

the
”
ad-ionization“ of the charge carriers by the field is

weakening and the difference between the
”
apparent“ and

thermodynamically equilibrium concentration of the charge

carriers amounts to at least two orders, as shown on Fig. 4, b.

This problem is described with more details below when

considering the dependence of the energy of the thermal

ionization of the boron impurity on its concentration in

diamond.

1.4. Methods of measurements of the impurity

activation energy. Quasi-static and dynamic

temperature spectra of the conductance

1.4.1. Measurements of the temperature

dependence of the direct current conductance

The temperature-dependent direct current conductance

(DC-conductance) seemed to be the historically first control

technique among the electrophysical methods of measuring

the impurity activation energy. An attractive feature of

the method is a simple measurement arrangement and

the similarly simple physics based on the conductance

expression σ (T ) = en(T )µ(T ), where the concentration of

the free charge carriers n (or p) exponentially depends on

the temperature, so does their drift mobility as per a much

weaker law of the kind µ(T ) ∼ T s , where 0 < s < 2. Just

the first measurements of the conductance (or resistance)
of germanium in the wide temperature range [117,118]
had revealed several (up to three) linear portions of a

different slope at the dependence lnσ = f (1/T ), which

was later confirmed many times by the measurements at

various semiconductors, including on diamond. [92,119]. It
is exemplified on Fig. 6.
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Figure 6. Temperature dependence of the impurity conductance

in boron-doped diamond. Originally reprinted from [119].

The traditional interpretation of the results of the mea-

surement of the DC conductance involves three mechanisms

of emission of the charge carriers for separate portions:

1) common ionization of the charge carrier from the

impurity center (which is an acceptor one in case of boron

in diamond) into the corresponding band of delocalized

states (a valence band), which is characterized by the

energy EA1;

2) motion of the charge carriers along neutral acceptors

(
”
seldom observed impurity-band conduction with a motion

of carriers over neutral acceptors“) [119] with the activation

energy EA2;

3) hopping conduction for the impurity band with

the activation energy EA3, which is observed at the low

temperatures and the high impurity concentration:

σ (T ) = σ1 exp(−EA1/kT ) + σ2 exp(−EA2/kT )

+ σ3 exp(−EA3/kT ). (8)

The empirical formula (8) involves a piecewise-

exponential dependence of the conductance on the tem-

perature. Although in the compensated semiconductor the

concentration of the charge carriers in the low-temperature

region depends on it in a more complicated way (Fig. 7). In
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Figure 7. Temperature dependence of hole concentration p in

the compensated semiconductor.

addition, (8) does not take into account various dissipation

mechanisms in the temperature dependence of the mobility.

J.-P. Lagrange [120] has interpreted the activation energies

of (8) in line with classical statistics of the semicon-

ductors [121], which selects two portions in the low-

temperature part of the impurity conductance of the

compensated semiconductor (Fig. 7). He has fitted his

experimental dependences based thereon. He has obtained

the activation energy of 368meV within the temperature

range 300−500K and half the activation energy (185meV)
at the temperatures 500−1000K. The last statement should

be obviously considered as a mistake. Within the framework

of approximations adopted here, it is just changing the

formulae for the concentration of the free charge carriers

(holes) at the various portions with implying the change of

the method of determination of EA, but not the change of

the activation energy itself.

It is more correctly to exactly solve the full non-

linear equation of the electrical neutrality for the partially

compensated semiconductor:

n(x , T ) + N−

A (x , T ) = p(x , T ) + N+
D(x , T ) (9)

taking into account the spatial distribution of the concentra-

tion of the acceptor NA and donor ND impurity in reference

to the coordinate x . Within the framework of this solution,

the low-temperature part of the impurity conductance is

never described by the exponent (Fig. 7, the red curve (in
the online version)). Therefore, there are no grounds to

introduce EA/2. Obviously, it should not be interpreted as

the gradual change of the activation energy of the impurity

with the temperature reduction as well.

The hopping conduction of the charge carriers for the

impurity band will be discussed by us below in Section 2.6.

1.4.2. Temperature and frequency admittance
spectra

The admittance (or the full conductance) is a complex

magnitude characterizing the electric circuit or instrument’s

capability of conducting the current under impact of the

applied alternating voltage of a given frequency f [103]. The
admittance is measured using RLC meters or immittance

measuring instruments. The immittance is a generic name

for admittance and impedance (for the complex resistance).
A measuring system in the instrument is balanced simulta-

neously by the capacitance and active components of the

admittance Y :

Y = 1/Z = G + jB, G = 1/R, B = 2π f C,

where G — the active part of the admittance — conduc-

tance, B — the capacitance part (susceptance), R — the

resistance, C — the capacitance. The magnitude reciprocal

to the admittance, i.e. the impedance Z, has an active and

capacitance part, too. As the semiconductor diode is a

fundamentally non-linear system, the immittance measuring

instrument selects the response only at the frequency of the

forcing signal [103,122] by filtering all other components of

the output signal.

The admittance of the semiconductor instrument is

determined by its electron spectrum. Therefore, its value

depends on the temperature T , the voltage V applied to the

structure and the frequency of the measurement signal.

In accordance with the theoretical representations of the

admittance spectroscopy, when applying a small alternating

signal to the sample with a deep trap with the activation

energy EA, the speed of emission of the charge carriers into

the corresponding band (in this case it is the valence band)
is described by the expression [88,122]:

ep = gAv thσpNV exp(−EA/kT ) ≡ AT 2 exp(−EA/kT ),
(10)

where NV — the effective density of the states in the valence

band, v th — the thermal speed of the holes, σp — the

hole capture section, gA — the degeneracy factor of the

acceptor level; the pre-exponential multiplier A is virtually

independent of the temperature.

The temperature frequency methods of the admittance

spectroscopy focus only on the alternating shift current

at the assigned frequency ω in neglecting the leakage

current through a rectifying transition. At the same

time, the recorded conductance signal is of a resonance

nature [123,124]:

G(ω, T ) =
ep(T )ω2

e2p(T ) + ω2

NT

p
Cb(T ), (11)

the maximum conductance spectrum G is achieved at

ep(T ) = ω [103]. Here NT — the concentration of the deep

centers in the band gap involved in the recharging, p — the

concentration of the delocalized (free) holes in the valence

band,

Cb(T ) = S

(

εrε0eN−

A (T )

2(V −Vbi)

)1/2

— the quasi-static barrier capacitance of the sample at a

specified voltage V , N−

A — the concentration of the ionized

acceptor impurity (boron).
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1.4.3. Dependence of the activation energy of the
boron impurity on the concentration

The fundamental requirement to the semiconductor dia-

mond means doping it with an electrically active impurity

to the high concentrations. Here, exactly, one of its

key features is manifested and it is unessential in the

common semiconductors such as Si and GaAs — i.e.

sharp reduction of the activation energy with increase of

the boron concentration, as accompanied by the transition

to the hopping conduction [92]. Generally, this effect

is described by the Pearson-Bardeen theoretical depen-

dence [125]:

EA = EI − αN1/3
A , (12)

taking into account the potential energy of attraction of

the free charge carrier to an ion, which increases with

decrease of the average distance between the impurity

centers. here EI — the energy of ionization of the

isolated impurity center, α — the constant determined

by properties of a specific semiconductor. Later, the

authors [119,126] had established the parameters in the

formula (12) for the boron impurity in diamond with a

low degree of compensation and they were confirmed by

Lagrange [120]:

EA = 0.37 eV − 6.7 · 10−8N1/3
A [eV · cm]. (13)

In addition, the ionization energy is decreased with

increase of the impurity concentration due to emergence

of state density tails in the energy band gap and smearing

of the impurity band [127]. In our measurements, we

have observed the reduction of the boron activation energy

from 325 to 100meV with increase of its concentration

from 3 · 1016 to 4 · 1019 cm−3. It will be considered in detail

in Section 2.7 based on the experimental data.

Note that this effect also has a positive side, i.e. the

reduction of the activation energy ensures the higher degree

of the impurity ionization. And, in turn, it substantially

facilitates producing the operating concentrations of the free

charge carriers in the diamond-based instruments. This

behavior of the boron impurity is fundamental for this wide

bandgap material and, obviously, it is of great practical

importance.

1.4.4. Differences of the activation energy from the
constant and alternating current measurements of
the conductance

The literature has a few number of articles dedicated to

admittance (as well as non-stationary capacitance) measure-

ments of diamond. Previously, they have been performed

mainly on polycrystalline samples [101,128–131]; in doing

so, the activation energies EA were obtained for boron

within the range 300−360meV.

In the works [84,132,133] we have for the first time per-

formed a systematic cycle of the admittance measurements

on the samples of boron-doped single-crystal diamond. The

admittance spectra of the weakly-doped diamond sam-

ples with the boron concentration NA = (2−5) · 1016 cm−3,

which are measured at the alternating (AC) test signal, give

the typical activation energy of the boron acceptor level

within the range from 285 to 325meV [133]. This value

is substantially lower than a reference value of the optical

ionization of the boron impurity 0.373 eV (as obtained

by means of measurements of the direct current photo-

conductivity [100]) and lower than the activation energy

0.37 eV determined by the direct current measurements

of the electric conductance [119,120,134]. It is due to

substantially different measurement methods as well as

a different algorithm of determination of the ionization

energy. As mentioned above, the admittance spectroscopy

is a non-equilibrium procedure. The alternating test

voltage of the RLC measuring instrument
”
makes“ the

deep level recharging in the alternating field and an

instrument shall be used to measure charge carriers which

are in time for recharging for the duration of the signal

period and create a displacement current in the external

circuit (Fig. 8). In doing so, the sample responds to

the test signal in a semiconductor region localized near

intersection of the location of the Fermi quasi-level with

the observed deep level. Depending on the ratio of

the speed of emission ep and the frequency of the test

signal ω, the degree of the level depletion varies, thereby

resulting in a different value of the measured barrier

capacitance.

In the direct current measurements of the conductance

(or resistance) the thermodynamically equilibrium free

charge carriers are accumulated to ohmic contacts in the

electric current mode when applying a small pulling field.

These measurements are the closest to the equilibrium

ones. It can be assumed that the differences of the

activation energies obtained by the different methods are

caused by the measured displacement or electric currents.

In addition, EA by the DC conductance (on the direct

current) is determined based on fitting of the experimental

curve σ = f (1/T ) by a certain model, whose fitting

parameters, except for EA, include the mobility of the charge

carriers, thereby imparting the additional uncertainty to the

uncertainty result.

There is another source of ambiguity of the measure-

ments beside the alternating test signal. The admittance

spectroscopy does not include application of the shift to the

traditional bulk semiconductors, because the measurement

result does not depend on it [135]. Unlike it, the spectra

of the admittance of the quantum-dimensional structures are

strongly modified due to the shift as caused by impact of the

applied electric field on the energetic location of the locally

positioned levels and on their ionization degree [136–139].

Due to weak ionization of the impurity, the similar effect

is also implemented in diamond. The reversal shift applied

to the sample contributes to the additional ionization of the

Technical Physics, 2023, Vol. 68, No. 1
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impurity:

N−

A (x) =
NA

1+gA exp
[(

EA−EF−eϕDC(x)−eϕAC(x)
)

/kT
] ,

(14)

thereby resulting in the reduced recorded (observed) acti-

vation energy. The expression EA−eϕDC(x) of (14) can be

interpreted as the reduced effective activation energy in the

admittance method.

Finally, note that the measurements in the admittance

spectroscopy method most closely correspond to the op-

erating conditions of the semiconductor instrument. And

we assume that it is these dynamic activation characteristics

which should be expected for real diamond instruments.

2. Experimental results

2.1. Measurement methods and equipment

The key diagnostics method of the present work is the ad-

mittance spectroscopy, which has a number of indisputable

advantages as compared to others. It is a non-destructive

method, which can be used to carry out the precision

quantitative measurements of the dynamic characteristics of

an ensemble of the charge carriers and the impurity centers

for predicting the instrument properties. The resonance-

charge nature of the measurements can give exact values

of the activation energy, the speed of emission/capture, the

capture section and other properties of the impurities and

the traps [103]. At the same time, in terms of its physical

basics the admittance spectroscopy should be regarded as

the non-equilibrium measurement technique, as it requires

application of the alternating test signal causing recharging

of the energy levels and sometimes it is also accompanied

by the reversal shift of the structure. For the measure-

ments of semiconductors typical for the microelectronics

(Si, Ge, GaAs) with the impurity fully ionized at the

room temperature, this measurement non-equilibrium does

not result in complications in interpretation of the results

obtained [88,102,135,140]. In case of substantially underad-

ionized dopant (boron in diamond) the experiment result

will strongly depend on the selection of the measurement

parameters (frequency, temperature), as we have discussed

in the first part of the review. These problems seriously

complicate the interpretation of the experiment results and

require detailed analysis.

We have measured the samples with applied metal

contacts using an automated complex of the admittance

spectroscopy [132,141,142]. It includes the cryogenic

probe station Janis CCR-10 (Fig. 9), the temperature

controllers LakeShore 336 and LakeShore 331, the pre-

cision LCR-meter Agilent E4980A, the vacuum station

Pfeiffer D35614. The complex is designed to measure the

semiconductor structures within the range of the tempera-

tures T = 15−475K, the applied shifts V ≤ 40V and the

frequencies of the test signal ω/2π = 100Hz−2MHz.

The developed original algorithms can in one temperature

scan collect a multidimensional array of data for capacitance
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a b

Figure 9. Samples being measured: a — in a measurement chamber of the cryogenic probe station; b — the multi-sector diamond

plate IL5 before (the left) and after (the right) deposition of the contacts.

and conductance C, G = f (T,V, ω) to be used for drawing

up the temperature and frequency spectra.

In order to carefully measure, we have scanned the sam-

ples by the temperature with the low speed 0.5−1K/min,

minimizing the possible sweep hysteresis with increase and

decrease of the temperature. The spectra of the sample

conductance have been measured within the entire available

range of frequencies and temperatures in vacuum of at

most 10−6 mbar.

2.2. Studied samples

The studied object was a set of the single-crystal samples

of boron-doped diamond, of a various nature: natural,

epitaxial CVD layers, bulk single- and multi-sector HPHT

plates. The preliminary morphology of the sample surface

was studied using an atomic-force microscope (AFM)
SOLVER NEXT produced by NT-MDT. The diamond

surface was scanned by selected special diamond-coated

conducting probes.

2.2.1. HPHT plates

The studied plates were produced from diamond crystals

grown by the HPHT method in LLC
”
New Diamond

Technology“ and doped by boron during the growth. The

crystals were grown out of cuboctahedral seadings of sizes

0.4−0.5mm with the crystal faces 〈111〉. The growth took

10−14 days at the temperature of 1400◦C, and the weight

of the grown crystals was 8−15 carats. Boron was added

in a weighed amount directly into a growth cell. The

concentration of the impurity depended on the weight of

boron placed in the chamber. The samples were a number

of parallel plates cut perpendicularly to the [111] or [001]
crystal-lattice directions and sized from 3× 3 to 5× 5mm

and having the thickness of 0.3−0.5mm (Fig. 2). The

samples were both the single-sector and multi-sector ones

and colored from transparent lightish-blue to dark-blue. In

particular, the sample IL1 — is a transparent single-sector

one sized by 3.5× 3.5mm. The sample IL5 — the multi-

sector sized by 5× 5mm with three distinct regions: the

blue one (B) with the [111] orientation, the light blue

one (L) [110] and the transparent one (T) [100] (Fig. 9, b).
The sample IL4 — the multi-sector plate with a heavily-

doped blue region (B) with orientation along the [111]
direction and the transparent region [100] (T) (Fig. 10, a).
The plate is sized as — 3× 3mm.

The AFM scans of the synthesized diamonds exhibited

traces in two directions. The arithmetic mean roughness

was at most 15 nm among all the synthesized diamonds.

This surface quality allows reliably performing the post-

growth technological operations, including application of

the contacts [84]. The HPHT plates got the best mor-

phology among the studied samples, and their roughness

was 1−3 nm (Fig. 10, b–e).

2.2.2. CVD-epitaxial layers

The boron-doped diamond layers were grown in IPF RAS

on the (100) HPHT-diamond plates. They were grown in a

cylindrical MPACVD-reactor with the operating frequency

of 2.45GHz [45,46], which had the mixture of working

gases H2 +CH4. The different doping levels were obtained

by using solutions with various concentrations of trimethyl

borate in ethanol (2−16%) and by varying the power of the

gas flow through a bubbler as well (4−16 cm3/min). The

boron-carbon ratio of the gas phase (B/C) varied from 600

to 12 000 ppm. The samples were sized as 3× 3mm, while

the thickness of the epitaxial layer was 2−2.7µm.

2.2.3. Natural crystals

The samples of the light blue natural diamonds were

temporarily provided for the measurements by the Smith-

sonian Institution of Washington, USA. The samples were

not faceted and they were variously shaped crystals polished

at two sides. The shape of the Apollo Blue sample is close

to the parallelepiped with the edges of 4mm and the height

of 2mm (the weight 1.127 ct). The linear dimensions of the

Steinmetz sample were approximately in 1.2 times less (its
photo is shown on Fig. 11). The flat side of the samples

was used to deposit the contacts, and special mandrels
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Figure 10. Sample IL4: a — the photo, the AFM scan of the surface and the profile along the specified line for the transparent (b, d)
and blue (c, e) region.

were manufactured to fix them and carry out the electrical

measurements in the probe station.

The surface roughness of the natural diamonds studied

in the present work has been evaluated to be more than

250 nm, and more often, units of µm. We have studied these

samples earlier in [143] for relation between the diamond

origin and its physical characteristics. Therefore, they were

polished only to apply the contacts for carrying out the

electrical measurements.

2.3. Characterization of the diamond samples

In this part of the work we will fix on discussion of

problems and features in determination of the concentration

of the majority charge carriers in the single-crystal diamond

using the method of the capacitance-voltage characteristics.

We will compare the concentrations pCV obtained from

the C−V measurements with the optical FTIR measure-

ments.
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2.3.1. Electrical contacts

The capacitance-voltage measurements require manufac-

turing of the metal contacts to the sample. The existing

literature has been analyzed to show a large variability in

selecting the metals and the contact application technology

for carrying out the electrical measurements. In order to

make the ohmic and rectifying contacts to diamond, we

have selected platinum, which was deposited using the

magnetron spraying method. For the bulk-doped samples,

the vertical geometry of the Schottky diodes was selected,

for the epilayers — the planar arrangement for the Ohmic

and Schottky contacts. The ohmic contacts were annealed at

300◦C and the rectifying contacts were deposited at 70◦C

through a mask of the diameter of 130µm. Unconditionally,

the single-layer ohmic contact is not perfect in terms of

getting low resistance for the instrument application, but

when applying the reversal shift it can quite satisfactorily

carry out necessary capacitance measurements.

2.3.2. I-V characteristics

The electrical characteristics of the samples were mea-

sured within the wide range of the temperatures using the

automated complex of the admittance spectroscopy.

In the weakly-doped samples, the currents of the reverse

branch of the current-voltage curve did not exceed 10 nA

when increasing the reversal voltage to −80V. With increas-

ing the concentration of the interstitial boron impurity, at the

lesser reversal voltages the significant currents occur. For all

the samples, the opening voltage was 2−2.1V, and at the

ohmic portion of the direct portion of the current-voltage

curve it was dozens-hundreds of k�.

At the temperatures below 150 K, the direct shift

exhibited a weak current (below 1 nA) as a consequence of

low ionization of the dopant and absence of intrinsic charge

carriers - here diamond behaves as a typical dielectric.

When the temperature is increased, rectifying properties of

the Schottky barrier are manifested. At the same time, when

achieving the reversal voltage of 10 V, there is a current,

which is comparable to the direct branch current. This

trend is typical for the wide bandgap semiconductors and

enhanced with temperature increase.

2.3.3. Voltage-capacitance characteristics

The capacitance-voltage measurements were carried out

in a wide range of the temperatures and the frequencies.

When recording the C−V , the shift interval was selected

in accordance with a region of the current-voltage curve,

in which the active current component does not contribute

significantly to the measured admittance. The applied

constant shifts were typically ranged from −1 to 0V with

a step of 0.05V for the moderately-doped samples. The

weakly-doped samples were measured at the voltages of

up to −10V. The alternating current test signal had the

amplitude of 30mV. The measured characteristics have

shown that as a rule the said voltage range exhibits a linear

type of the dependence 1/C2, which is indicative of uniform

distribution of the charge carriers along the structure depth

(Fig. 11).

The diamond C−V -characteristics were analyzed to

demonstrate the availability of the fundamental features

when carrying out the measurements in this material. At

the temperatures above 330K the dependences 1/C2−V
are close to each other at the various frequencies, while

the concentration calculated by them turns out to be the

same within the experimental error (Fig. 11, b). At the

room and lower temperatures, there is a difference of

several orders in the capacitances measured at the various

frequencies (Fig. 11, a). In this regard, the classic theory

of the capacitance-voltage profiling (which is based on the

concept of
”
the quasi-static approximation“ and is true for
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Table 2. Characteristics of some studied samples. Comparison of the concentration measurement results in the C−V and FTIR methods

Sample Steinmetz Apollo Blue B12 B8 N10 IL1
IL4, sector IL9, sector

T B T L B

Origin Natural Natural CVD CVD CVD HPHT HPHT HPHT

Thickness of the doped layer h, µm 2.7 2.0 2.7 500 300 300

NA−ND from FTIR, 1018 cm−3 0.02 0.03 2.3 1.2 0.9 (14∗) 0.048 − 21 − 2 10

p from C−V , 1018 cm−3 (300K) 0.004 0.025 4 6.2 1.4 0.035 2 20 0.5 3 12

No t e ∗ SIMS measurements. The table has dashes for portions, which are small-sized to be focused by the Fourier spectrometer. The regions are

designated as follows: B — blue, L — light blue, T — transparent.

IL9, light-blue sector
IL9, blue sector
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Figure 12. FTIR spectra of the sample absorbance with a various degree of boron doping: a — CVD-epilayers, b — HPHT-plates.

the common non-wide bandgap semiconductors [88,140])
is incorrect in this case. We have analyzed consequences

of this effect in Section 1.3.1. The authors of [46] have

explained the frequency dispersion of the capacitance by

the large consecutive resistance RS. Note that the large RS

in the diamond samples turns out to be a consequence of

the large energy of hole ionization from the deep boron

level, as it is truly specified, for example, in [101].
The concentration profiles of the majority charge carriers

at the various temperatures and frequencies have been

obtained by differentiating the C−V -characteristics as per

the formula (1). By the measured hole concentration,

all the samples can be divided into the 3 types: the

weakly-doped ones (0.1−6) · 1017 cm−3, the moderately-

doped ones (0.6−6) · 1018 cm−3, the heavily-doped ones

(0.6−7) · 1019 cm−3. With increase of the temperature,

the hole concentration increases. This difference is quite

noticeable for the heavily-doped samples in the available

range of the temperatures. Thus, if at 300K the hole

concentration in the sample B8 was (6−7) · 1018 cm−3,

then at 400K it increased to (8−9) · 1018 cm−3. It is

also obvious that with increase of the concentration of

the majority charge carriers the SCR width is decreased,

which is explained from the perspective of the Gauss

theorem, the formula (3). Table 2 shows the measured

average MCC concentrations at the room temperature. The

measurements were at the low frequency (20−50 kHz),
where the frequency dispersion was quite small.

2.4. Comparison with the FTIR measurements of
the impurity concentration

The spectrum dependences of the transmittance of

the samples within the near- and mid-infrared ranges

(700−4000 cm−1) were recorded before deposition of the

metal contacts (Fig. 12). The epitaxial CVD-layers were

measured using the Nikolet-6700 instrument. The thick-

nesses of the CVD-epitaxial layers were determined by

interference in the IR reflection spectra, which are more

sensitive to the optical border between the epitaxial layer

and the substrate. The HPHT plates were studied using the

Vertex 70 spectrometer with the Hyperion1000 microscope

with the resolution 4 cm−1 (with averaging along 32 scans).
The FTIR concentration of the partially compensated

boron NA−ND in the moderately- and heavily-doped sam-

ples was evaluated by the experimental spectra using refined

empirical calibration dependences of A. Collins in the three

bands of the impurity absorption [99], as it is specified in
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Figure 13. a — the typical temperature spectra of the conductance of the moderately- and heavily-doped samples; b — the frequency

spectra of the conductance of the heavily-doped sample N10.

Section 1.2.1:

[NA − ND ](ppm) = 0.0350 · H2800,

[NA − ND ](ppm) = 0.105 · H2458,

[NA − ND ](ppm) = 1.00 · H1290, (15)

where H2800, H2458, H1290 — the amplitude of the cor-

responding peak in the absorption spectrum. More-

over, for the boron-doped diamond 1 ppm of the im-

purity is approximately corresponds to its concentration

[NA−ND ] = 1.67 · 1017 cm−3.

The FTIR concentrations of the partially compensated

boron impurity, which are obtained from the spectra, are

also shown in Table 2.

From the comparison in the table, it can be concluded

that the closest results of the C−V and FTIR measurements

are observed for the moderately-doped natural samples, in

which there is uniform distribution of the boron impurity.

This result is expected. The good correlation between

the C−V recorded at the reduced frequency of the test

signal and the FTIR measurements in the moderately-doped

diamond samples was already claimed in the Glover’s work

in 1973 [106] and was used to be confirmed later. No such

close correlation is observed for the CVD-epitaxial layers. It

can be explained by a small relative thickness of the boron-

doped layer in the total thickness of transmission through

the sample by the probing radiation. On the other hand,

the capacitance-voltage measurements of the CVD layers

require the planar geometry of the contacts due to the

undoped substrate, thereby imparting the systematic error to

the results of the measurements of the MCC concentration,

too.

As the calibration (15) was carried out in relation to

the Hall measurements, here we mention the article [90],
which demonstrates the substantial difference in the results

of the Hall measurements on the uniform samples and on

those consisting of several growth sectors. Therefor, the

authors have concluded that the true parameters of the

semiconductor diamond could be obtained via the Hall

method only provided that the (single-sector) samples are

correctly cut out.

Thus, in spite of the wide application of the optical

methods (first of all, for jewellery manufacturing), the

fundamentally integral measurement result and the required

standard calibration (as per the Hall measurements) reduce

their electronic grade importance for modern careful and

precision characterization of the impurity concentration and

do not ensure obtaining the spatial distribution of the

impurity within the semiconductor single-crystal diamond.

2.5. Activation (ionization) energy of the boron
impurity, as determined by the dynamic
spectra of the conductance

We have carried out a cycle of the sample measurements

using the two methods of the admittance spectroscopy: by

scanning on temperature and by scanning on frequency of

the measurement signal. We note that the change of the

sample temperature within the range 100−400K results in

the change of the pace of emission of the charge carriers

from the deep level in more than 1010 times as per (10); at
the same time the range of the available frequencies of the

RLC measuring device is just only 4 orders. Therefore, the

temperature spectra should be considered as priority ones.

Although, their measurements require additional time and

it is quite difficult to technically implement them. Their

results can be used to fix a convenient temperature interval

and to consequently carry out the precise evolvement

of the admittance spectrum as per the frequency at the

constant temperature. In regard of the above-said, the

authors [128,129], etc. have limited to the scanning by the

frequency when measuring the admittance.

The typical spectra of the conductance of the weakly-

(IL5, the transparent region) and heavily- (IL5, the blue

region) doped samples are shown on Fig. 13. They occupy
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Table 3. Activation energies and capture sections in the boron-doped samples of the single-crystal diamond, as recorded in the work

Sample
Apollo

D11 B7 N10 B11

IL5, the multi-sector IL9, the multi-sector

Blue
plate, the sector plate, the sector

T L B T L B

Origin Natural Natural CVD CVD CVD HPHT HPHT

p from C−V , 1018 cm−3 (300K) 0.025 0.04 6.2 1.4 40 0.025 0.3 2.0 0.4 3.0 12

VB conductance (high T )
EA, meV 322±2 320±1 250±9 230±10 101±2 326±4 315±5 274±5 323±1 328±2 166±16

A, 104 ms−1
·K−2 25 5.3 0.11 0.019 2.9 24 160 1.2 230 26 0.015

σ, 10−13 cm2 1.3 0.28 0.06 0.001 0.0002 1.3 8.5 0.064 35 3.9 0.002

Hopping conductance EA, meV − − − − 20±4 − − − − − 11±3

A, 104 ms−1
·K−2

− − − − 37 − − − − − 90
(T < 150K)

No t e VB — the valence band. The regions are designated as follows: B — blue, L — light blue, T — transparent.

the temperature range of 150−300K. At the very high

degree of doping (the sample B11, IL9, the blue region), the
conductance response is also noticeable at the relatively low

temperatures due to emergence of a hopping mechanism

in the conductance. As per (11), the amplitude of the

peaks G/ω is proportional to the ratio NTCbar(T )/p and

is quantitative data on the concentration of the studied

deep center. Thus, within one plate the amplitude of the

conductance peaks of the heavily-doped region exceeded

the same for the weakly-doped region in more than one

order at the same area of the contact Schottky contact

(Fig. 13, a). This result is fully consistent with the data

of the measurements using the MCC C−V -concentration

method for the multi-sector diamond samples, as shown in

Table 2. It should be noted that currently there is almost no

publication on the distribution of the boron concentration

across the multi-sector diamond plate due to unavailability

of relatively large (> 5× 5mm) single-crystal plates grown

predominantly along the 〈111〉 direction and doped with

boron.

The typical spectrum G− f is shown on Fig. 13, b and

exemplified by the boron heavily-doped sample N10. Here,

the spectrum amplitude is higher than in the blue region of

the sample IL5 having the approximately the same impurity

concentration, which is due to the larger barrier area and,

respectively, the larger capacitance Cbar. All the samples

exhibited the expected shift of the conductance curves with

the increase of the frequency into the higher temperatures,

which is an integral property of the thermal emission (see
Section 1.4.2).

The temperatures of the maximum frequency and tem-

perature spectra of the conductance were taken to plot in

the Arrhenius coordinates ln(ω/T 2) = f (1/T ) using the

standard procedure (Fig. 14). The plots were taken to

calculate the activation energy EA of the charge carriers

(holes) from the boron impurity level, which corresponds

to a certain mechanism of the conductance, as well as the
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Figure 14. Arrhenius plots for the samples with the different

boron concentrations.

pre-exponential multiplier A and the hole capture section σp .

The obtained activation energies and capture cross sections

for the samples are generalized in Table 3. The analysis

shows that the thermal activation energy determined from

the admittance spectra is always less than the accepted

ionization optical energy, which is in principle consistent

with the classic considerations [144].

The moderately- and weakly-doped samples are exper-

imentally dotted on the Arrhenius plot and with high

accuracy described by a linear dependence across the whole

temperature range (Fig. 14). The resultant activation energy

is EA = 285−325meV for the weakly-doped samples, so

is EA = 215−260meV for the moderately-doped ones.

The capture section for these samples is (1−10) · 1014
and (1−7) · 1015 cm2, respectively. In general, in the

measurements we have observed the reduction of the
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activation energy from 325 to 100meV with increase of

the concentration from 2 · 1016 to 4 · 1019 cm−3. Previously,

the work [128] has summarized the table of the boron trap

energies in the polycrystalline diamond films measured be-

fore 1996 by the various electrical methods. The ionization

energies have been recorded to be 0.31 eV (DLTS), 0.36 eV
(the charge DLTS, Q-DLTS), 0.29 eV (the photoinduced

relaxation current spectroscopy, PICTS), 0.38−0.30 eV (the
temperature dependence of the resistance). The position

of the boron level in the thin polycrystalline diamond

films had been subsequently measured using the admittance

spectroscopy method [145] to provide the activation energy

of 0.33 eV. The DLTS measurements of [101,130] for the

polycrystalline CVD diamond films (boron moderately-

doped ones) have shown a discrete level with the activation

energy of 0.35−0.37 eV. The article [131] has demonstrated

that the polycrystalline diamond samples had got the boron

activation energy within the interval of 340−360meV. It can

be seen that the measured energies of the boron activation

in the polycrystalline samples are concentrated within the

region of 0.29−0.37 eV, i. e. in the initial part of the
”
Borst-

Lagrange“curve (13). We repeat that the admittance or, in

a broader sense, electrophysical measurements of the single-

crystal diamond samples are described in the literature much

poorly.

The conductance spectra are modelled in accordance

with the expression (11), thereby evaluating, in particular,

the possible broadening of the impurity band due to

the high impurity concentration. As modelled using the

respective activation energies and the capture cross sections,

the temperature spectra of the samples exhibited good

coincidence with the experimental ones, while the average

broadening did not exceed 4meV. On the contrary, the [145]
has observed the strong difference between the experimental

and modelled spectra in the admittance method’s mea-

surements of the boron impurity in the thin films of the

polycrystalline diamond.

The determination of the boron activation energy by the

Arrhenius plot included the calculation of a mean square

error (MSE) as well, which can also be considered as

a crystal perfection criterion. For the natural diamonds,

MSE is 1meV within the entire temperature range, and the

synthesized diamond exhibit non-linearity of the Arrhenius

plots at the temperatures ≥ 220K, which results in the

increase of MSE. The recorded non-linearity may be caused

by mechanical stresses in the epitaxial layers grown by the

CVD method [146] as well as by other electrically active

deep centers available in the forbidden band.

We have specified in Section 1.4.4 that the experimental

methods of measurement of admittance and impedance,

including the C−V method, did not test the thermodynam-

ically equilibrium concentration of the charge carriers, as

they require application of the constant and alternating bias

to the sample. This fact is not important for the semiconduc-

tors with almost full ionization. In such the measurements

the wide bandgap diamond exhibits additional ionization of

the impurity. Fig. 15 exemplifies the concentrations pCV

(the circles) for the sample N10, which are obtained from

the C−V experiments within the temperature range of

250−500K, and for comparison, the equilibrium MCC

concentration p0 on the temperature, as calculated for it.

It was calculated by taking the boron activation energy

EA = 220meV determined from AC-conductance spectra of

this sample (Fig. 13, b). For comparison, there is also a

plotted similar dependence with the activation energy of

370meV. As you can see, in the recorded temperature

range the capacitance-voltage measurements demonstrate

the substantial (in one order) excess pCV above the expected

equilibrium hole concentration in the sample and the same

in two orders if it is calculated by a reference energy of

boron impurity ionization in the weakly-doped diamond

(370meV). By saturation of the dependence p = f (ω, T )
at the high temperatures we evaluate the impurity concen-

tration in this sample to be 1.4 · 1019 cm−3.

The Hall-method measurements of the concentrations

include the application of only a small pulling field and,

therefore, it can expect only a small excess of the measured

MCC concentration above the thermodynamically equilib-

rium one (the crosses of Fig. 15).

2.6. Hopping conduction for the impurity band

As specified in Section 2.5, we have observed the

reduction of the activation energy from 325 to 100meV

with increase of the boron concentration NA from 2 · 1016
to 4 · 1019 cm−3. The data on the measurements EA are

summarized in Fig. 16. The obtained results satisfactorily
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coincide with the above-said Borst-Lagrange curve (13) for

diamond [119,120]. The substantial drop EA takes place

already from 5 · 1017 cm−3. Therefore, the work [19] has

incorrectly concluded that it is unnecessary to take into

account the change of EA on NA in the samples with

the concentrations below 1018 cm−3 in order to plot the

temperature dependence of the concentration of the free

holes p = f (1/T ). It should be emphasized that it is

this dependence which defines operating properties of the

diamond instrument.

In the heavily-doped samples (B11, B9, IL9) we have

recorded the replacement of the conductivity mechanism

from the common valence band conductivity to the hopping

impurity band one. This effect is observed at the tempera-

tures 100−150K and above, as it can be seen by transfor-

mation of the Arrhenius plot (Fig. 14). In these samples,

the activation energy of the thermal-field mechanism of the

valence band conductivity is 170meV with the multiplier

A = 1.5 · 105 s−1 · K−2 and below, whereas for the hopping

impurity band conductivity the activation energy is observed

to be just 10−20meV. The diamond single crystals with

the high boron concentration (1019−1020 cm−3) were also

measured by the authors [147] in the method of the temper-

ature dependence of the resistance. The temperature region

above 110−200K was observed to have the activation type

of conductivity with the activation energy within the range

30−90meV. The authors explain the low value of EA as a

result of formation of the conductivity impurity band and

the shift of the Fermi level. We note here that the position

of the Fermi level is a consequence of the steady processes

in the semiconductor crystal, but not a cause thereof.

The necessary conditions of emergence of the hopping

conductivity include: the high concentration of the impurity

(for emergence of the impurity energy subband), the low

temperature (reducing the direct ejection of the charge

carrier into the free band) and the availability of the

free states in the impurity band [148]. Usually, the low-

temperature hopping mechanism (for example, in Ge with

the energy of activation of the impurity EA = 13meV) we

are considering involves presence of some compensation

of the material due to the rectangular distribution of the

Fermi-Dirac statistics at the cryogenic temperatures. The

temperatures above 100K provide the Fermi-Dirac smooth

distribution with availability of the sufficient quantity of the

free states.

The hopping conductivity is recorded by us for the dia-

mond samples with the concentrations NA ≥ 5 · 1018 cm−3,

which correlates to the literature data [92,149]. The higher

doping degree of the sample, the higher recorded range

of the temperatures, at which the hopping mechanism

of conductivity prevails. Simultaneously, it is required

to increase the frequency for its experimental recording.

The ultra-heavily-doped sample S06 (pCV = 2 · 1020 cm−3)
grown by the CVD method already exhibits no evident

difference in the observed mechanisms of conductivity, as

it can be seen on Fig. 14; its boron activation energy tends

to zero (≤ 11meV), which is indicative of the transition to

the half-metallic state.

Along with the activation energy, we suggest using the

pre-exponential factor A, the capture section σp and the

speed of emission of the charge carriers (10) into the re-

spective band in order to separate the different mechanisms

of conductivity. In case of the hopping mechanism, the

coefficients A calculated from the Arrhenius plot decrease

in more than 4 orders, which is determined by the combined

reduction of all the multipliers of the expression (10).
This effect seems to be attributed to the utmost to the

replacement of the effective state density of the valence

band NV to the substantially lower state density of the

formed impurity band of boron.

Note that for the semiconductor diamond the high-

temperature hopping conductivity can play an importance

role in the instrument applications [150,151], radically

changing the electrophysical properties of the instrument

in the operating mode. It will be more true for the

structures of the n-type doped by the much deeper impurity

of phosphorous.

Conclusion

The review analyzes the problems and the features of

the measurements of the concentration and the activation

energy of the boron deep impurity in diamond. A wide

interval of the temperatures and the frequencies has been

used to perform the careful and precision measurements of

the charge carrier concentration in the set of the single-

crystal diamond samples of a various nature which are

doped with boron of the wide interval of the concentra-

tions. The complex diagnostics of the studied structures

has been applied to obtain diverse information about the
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morphology, concentration of the impurity and the majority

charge carriers. The concentration measurements using the

capacitance-voltage characteristics should be considered as

the most corresponding to the real operating conditions of

the active semiconductor instrument.

It has been shown that the measurements of the con-

centration of the majority charge carriers in diamond (and
in other wide bandgap semiconductors) using the method

of the capacitance-voltage characteristics turned out to be

substantially non-equilibrium ones. It is due to large energy

of ionization of the boron impurity and lagging of the

recharging pace of the impurity center behind the change

rate (frequency) of the measuring instrument test signal.

Thus, in relation to the diamond, the measurements of the

barrier capacitance on the voltage should be considered as

dynamic [103], but not quasi-static ones. The emerging

high variability of the results makes it difficult to routinely

interpret the experiment, but at the same time it provides

for capabilities of profiling at the various depth of the

sample (which are unavailable in the quasi-static mode) and
analyzing the frequency-dependent dynamics of formation

of the barrier capacitance, thereby extending a pallet of the

experimentally-obtained data. In particular, the selection of

a region of the temperatures and the frequencies during the

measurements enables obtaining specific information about

the concentration of both the impurity and the majority

charge carriers (holes).
It has been experimentally shown that with increase

of the boron concentration in diamond from 2 · 1016
to 4 · 1019 cm−3 the observed thermal energy of activation

of the charge carriers from the acceptor level reduces

from 325 to 100meV. With further increase of the boron

concentration, the hopping conductivity of holes for the

broadened impurity band takes place, wherein the energy of

process activation sharply drops to 10−20meV. The speed

of the observed thermal-ion emission has been evaluated

for the variously-doped samples. It has been found that

for the case of the hopping conductivity the pre-exponential

multiplier of the emission pace dropped in 4 orders, thereby

reflecting the substantial reduction of the mobility of the

free holes and the density of the valence band states in

comparison with the valence band.

As a result of the performed theoretical and experimental

studies as well as analysis of the literature, it has been

demonstrated that the admittance spectroscopy including

the quasi-equilibrium and non-equilibrium measurement

procedures should be considered as one of the most

effective non-destructive methods of diagnostics of semicon-

ductor diamond instruments being developed.
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