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Hydrogen defects in diamonds: research and definition of content of

N3VH content using secondary ion mass spectrometry and infrared
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The concentration of hydrogen and N3VH defects in natural diamonds was determined using secondary ion

mass spectrometry (SIMS) and infrared (IR) spectroscopy. A method for quantitative analysis of hydrogen was

proposed based on the creation of reference samples directly in the studied samples by implantation of hydrogen.

A linear correlation was established between the IR absorption of the paintwork material at 3107 cm−1 and

the hydrogen concentration determined by SIMS: CH = S∗

N3VHI3107 , where S∗

N3VH = (2.15± 1.44) · 1017 cm−1 . A

detailed characteristics of main hydrogen defects in diamonds is given.
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Introduction

Among all impurities in diamond, nitrogen holds first

place in terms of significance and influence on its prop-

erties, while hydrogen ranks second. Studies of impurity

composition show that the concentration of hydrogen in

natural diamonds can reach up to 1% [1]. The so-called

”
hydrogen-rich“ diamonds have been described [2–4]. This
is not surprising given that natural diamond grows in

an environment with high hydrogen content. Significant

amounts of hydrogen and almost all oxygen are found within

fluid inclusions inside diamond volumes as compounds such

as H2, CO2, CH4, H2O, C2H4 and even C2H5OH [5,6].
These fluids may also surround solid-phase inclusions [7].
In Ref. [8] it was stated that perfect natural diamonds of

gem quality type Ia without inclusions contain hydrogen

at concentrations ranging from 500−3600 ppm, whereas

low-nitrogen crystals of type IIa have lower levels up to

50 ppm [9,10] — which suggests a possible correlation

between hydrogen and nitrogen impurities.

Hydrogen atoms directly decorate dislocations in the

crystal structure of diamond, particularly edge-type dis-

locations where hydrogen atoms tend to saturate broken

bonds [11,12]. In dislocations, C-H bonds exhibit dipole mo-

ments and should absorb infrared (IR) radiation, although

so far hydrogen has not yet been identified in dislocations

within diamond. Optically active hydrogen manifests itself

through narrow lines primarily in the IR range [13]. Due

to their small mass, atomic vibrational frequencies occur

above 2700 cm−1 which minimizes interference from other

intrinsic absorption bands or defect-related complexes in

diamond [2,14,15]. Natural diamonds display strong absorp-

tion lines at frequencies 2787, 3107, 3154, 3237, 4497 and

1405 cm−1, including one prominent line at 3107 cm−1 (line

width 3 cm−1) [3]. Synthetic diamonds and diamond films

exhibit over a hundred distinct hydrogen LCM spanning

1384-6474 cm−1 [16,17]. The highest-frequency lines often

represent overtone combinations of valence and deformation

vibration resonances of C-H and N-H bonds. Additionally,

there exist absorption lines corresponding to transitions be-

tween excited electronic-vibrational energy levels In natural

crystals with high hydrogen concentrations, many absorption

lines and bands have been found in the visible and near

IR regions [2–4]. The large number of LCM reflects (but

not exhaustively) the wide variety of hydrogen forms in

synthetic and natural diamonds. However, over time, it

became clear that in natural and synthetic diamonds, a
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Figure 1. Atomic structures of defects N3V, N3VH
0 and NVH−. Carbon atoms are shown in gray, nitrogen atoms — yellow, hydrogen

atoms — red, carbon vacancy — light gray. (a) Structure of the N3V defect, (b) structure of the N3VH defect0, (c) structure of the defect

NVH−. The hydrogen atom moves between bonds with three adjacent carbon atoms.

significant portion of hydrogen may be in an optically

inactive state [11,18].

A wide variety of point defects in both synthetic and

natural diamond lattices involve hydrogen, nitrogen, and

vacancies (V). Major sets of point defects in diamond

include [19]: N, N2, V, NV, N2V, N3V, N4V, N4V2, VH,

NVH, N2VH, N3VH, VH2, NVH2, N2VH2, VH3, NVH3,

VH4. These defects appear in different charge states, leading

to centers detectable via electron paramagnetic resonance

(EPR), optical absorption, and IR spectroscopy. However,

none of these EPR centers in natural diamonds [20]
contains hydrogen. The N4VH configuration is energetically

unfavorable and is not found in diamonds. When growing

a diamond enriched with the 15N isotope, it turned out

that the IR absorption frequencies of defects of the NnVH

(n = 1− 3) series do not change. Taking into account

also the data of measurements in synthetic crystals with

an increased content of the 13C, isotope, it can be assumed

that the hydrogen atom in all these defects is located on

C-H [19,21] bond.

One particular defect stands out — the N3VH. Its struc-

ture was established in studies [22,23] (Fig. 1, a), especially
through analyses involving isotopes of carbon, nitrogen, and

hydrogen. [24]. Being in a neutral-charge-state, it absorbs

IR radiation at 3107 cm−1 (stretch vibrations mode) and

1405 cm−1 (deformation vibrations mode). It represents the
final stable member of the sequence VH, NVH, N2VH,

N3VH making it a product of high-temperature annealing

in synthetic diamonds [25] and long-term natural diamond

annealing. On the other hand, N3VH resembles another

well-known defect — N3V (Fig. 1, a), responsible for the

important optical center N3 with zero-phonon-line (ZPL)
emission at 415 nm. Together with its vibronic replica N2

emitting at 478 nm, this contributes significantly to yellow

hues characteristic of Type-Ia natural diamonds known as

”
Cape Yellow“. In addition, the optical center N3 gives

very bright luminescence with a ZPL of 415 nm and is

found in all natural diamonds without exception, even in

low-nitrogen type IIa diamonds. Moreover, it does not

appear in IR due to its negligible concentration [10]. In

the N3V defect, one carbon atom has an unsaturated

bond. When the unsaturated bond in N3VH [19,25] is

saturated by a hydrogen atom, it forms, resulting in fully

completed bonds (Figure 1, b). It has a symmetry C3v ,

exhibits no electrical charge, cannot act as an acceptor,

lacks energy levels within the bandgap, and possesses zero

spin. Consequently, it does not demonstrate any optical

absorption, luminescence, or activity in EPR. Thus, the

defects N3V and N3VH are related and in natural crystals

(subjected to prolonged annealing in the depths of the Earth

at temperatures of 1000−1300 ◦C) they represent stable

configurations of nitrogen-vacancy and nitrogen-vacancy-

hydrogen defects, respectively. The N3VH defect (Fig. 1, b)
is formed during annealing above 2100 ◦C in synthetic

HPHT crystals CVD [10]. It has been established that

the concentration of N3VH defects in natural diamonds is

limited by the concentration of the main nitrogen defects of

types A and B [25]. In CVD crystals grown in a hydrogen

atmosphere, given the small size of the hydrogen atom and

its high mobility, a high content of impurity hydrogen should

be expected. Determined by nuclear-physical methods, it

reaches tenths of a percent, but dislocations are declared

to be the main location of impurity hydrogen [26]. In

nitrogen-containing irradiated and annealed CVD crystals,

the formation of NVH defects is observed, which in the

neutral charge state give a narrow line in the IR spectrum

at 3123 cm−1 [27]. As a result of annealing, vacancies

and hydrogen atoms bind to single nitrogen atoms, forming

an NVH defect, the atomic structure of which is shown

in Fig. 1, c. However, it is not clear in what form

hydrogen was in the crystal lattice of CVD crystals before

annealing.

In CVD crystals with NVH defects, there are also always

dominant in concentration single nitrogen atoms in the

substitutional position — these are type C defects. In

such a position in the diamond crystal lattice, nitrogen is
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a deep donor — its activation energy is 1.7 eV. When such

a crystal is illuminated with light with a higher quantum

energy or as a result of high-temperature annealing, donor

nitrogen gives up an electron to the conduction band.

Such electrons are effectively captured by the NVH defect,

transferring it to the negative charge state NVH−. The

NVH− defect in the ground state has a spin of 1/2 and

at temperatures above 10K is identified as an EPR center

with an unexpected symmetry C3v [28], which is explained

by the rapid movement of a hydrogen atom between three

carbon atoms (Fig. 1, c).
The EPR method can be used to measure the absolute

number of paramagnetic centers (in this case, equal to the

content of NVH−defects) in a crystal. In illuminated or

annealed synthetic diamonds, due to an increase in the

concentration of NVH− defects, the EPR signal increases,

and the absorption of the 3123 cm−1 line (the concentration

of NVH0 defects) decreases. Comparison of simultaneous

and oppositely directed changes in the intensity of lines in

the IR spectrum and EPR signals made it possible to obtain

a calibration dependence of the concentration of NVH0

SNVH 3123 cm−1 [29]:

C0
NVH = SNVHI3123. (1)

Here C0
NVH is the concentration of0 defects (in ppb units),

I3123 — is the area under the absorption line 3123 cm−1 (in
cm−2 units). At room temperature and a low concentration

of NVH0 defects, the 3123 cm−1 line (as well as other paint
and varnish lines) has a Lorentzian shape at half-maximum

(FWHM) of approximately 3 cm−1. In the 2009−2010

dissertations of Ph.D. candidates from the University of

Warwick [23,30] the value SNVH = (330 ± 30) ppb cm2 is

given. However, in the 2014 dissertation of the same

school [28] (with a reference to the dissertation [23]) a

different calibration is given: SNVH = (200 ± 15) ppb cm2.

The same calibration is given in the 2020 work of employees

of the same research group [31]. In the paper [28] it is stated
that the calibration coefficients for theN3VH

0 (SN3VH) defect
and the NVH0 (SNVH) defect should be close. The rationale

for this is that the C-H bonds and atomic environments

in these defects are similar, and the oscillation frequencies

differ little. However, in our opinion, there are differences:

in the NVH defect, the hydrogen atom quickly moves

between three carbon atoms and, unlike the N3VH defect,

the deformation mode of its oscillations does not manifest

itself.

Until recently, direct calibration for estimating the

concentration of N3VH defects by IR absorption was

absent. In the fundamental work [31] the spectral and

temporal characteristics of this defect were studied by

the pump-probe method on three diamonds (one CVD,

two natural), due to which a picture of its electron-

vibrational structure and excitation relaxation mechanisms

was constructed. In particular, in addition to the electron-

vibrational transition from the ground (principal quantum
number n = 0) to the first excited level (n = 1) with

a frequency of 3107 cm−1 a transition from the first

excited (n = 1) to the second excited level (n = 2) with a

frequency of 2963 cm−1 was revealed. The decrease in the

frequency is due to the nonlinearity of the dependence of

the potential energy of the V (r) defect on the r coordinate

(in this case r is the C-H bond length). To describe the

transition in works [31,32] a simple two-parameter Morse

potential (Morse) adopted in molecular spectroscopy was

used: V (r) = De(1− e−a(r−re))2. It allows one to calculate

the energies of the ground and excited (1, 2, etc.) states

during vibrations relative to the equilibrium position re . The

values of the transition frequencies of 3107 and 2963 cm−1

allowed one to determine the parameters of the model

Morse potential N3VH of the defect: De = 4.56 eV and

a = 2 · 108 cm−1 [31]. The Morse potential is convenient

in that it makes it possible to explicitly calculate the

matrix element of the transition during the absorption of

electromagnetic radiation, in particular, for the 3107 cm−1

line, and therefore calculate the optical absorption cross-

section and, consequently, obtain a concentration calibration

for N3VH defects based on the absorption of IR radiation.

In works [31,32] the value of the calibration coefficient

SN3VH = (110± 10) ppb cm2 = (1.94 ± 0.18) · 1016 cm−1

is given, which is two times less than the value

of SNVHobtained in the same works. Note that

SN3VH = (110± 10) ppb cm2 is a small value, in other

words, a very real concentration of N3VH defects

CN3VH ∼ 100 ppm corresponds to an absorption of IR

radiation I3123 ∼ 1000 cm−2, which is not observed in

practice.

Thus, the N3VH complex is the main observed hydrogen-

containing defect in perfect natural diamonds. The aim of

this work is to experimentally study the ratio of the N3VH

defect concentration based on IR absorption measurements

in 3107 cm−1 LCM in comparison with the hydrogen con-

centration determined by secondary ion mass spectrometry

(SIMS). In general, the work follows the approach described

earlier [32,33] and methodologically complements it.

Experiment Using IR Spectroscopy

We used thin polished plane-parallel wafers cut from

natural diamonds, oriented close to (110) with thickness

ranging from 150− to 650 µm), and linear dimensions of

3−5mm. Natural diamonds were used because the set of

hydrogen defects in them is much narrower than in synthetic

ones due to long-term annealing at average temperatures

in the Earth’s interior, and the N3VH defect is the final

member of the nitrogen-hydrogen defect aggregation se-

quence [34]. HPHT synthetic diamonds are characterized by

a highly heterogeneous distribution of impurities and defects

throughout the volume (especially in different growth

sectors). And CVD crystals are characterized by a very high

dislocation density (typically 106 − 108 cm−2), which can

contain a lot of hydrogen. In the first stage, IR absorption

in the range of 400−4000 cm−1 with circular diaphragms

Optics and Spectroscopy, 2025, Vol. 133, No. 6
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Figure 2. (a) View of one of the plates (T219) indicating the region of uniform IR absorption distribution selected at the second

stage of IR measurements (the color shows the integrated optical absorption on the line 3107 cm−1 minus the baseline in the range

3050−3150 cm−1); (b) measurement locations with a high signal-to-noise ratio at the third stage of IR measurements (individual
measurement locations are marked with different colors); (c) IR absorption spectra at the measurement locations selected at the third stage

indicating the measurement point numbers; (d) Lorentzian representation of the LCM 3107 cm−1, the error in determining the absorption

coefficient is 0.1 cm−1 .

of 2 and 1mm diameters was measured at different places

on the plates using a Bruker70v spectrometer. This allowed

us to preliminarily estimate the average absorption on the

3107 cm−1 line. Of the 27 studied wafers, 6 samples were

selected that met the following criteria.

1. Contain only N3VH defects (LCM 3107 and

1405 cm−1) according to IR spectroscopy.

2. The amplitude of the line at 3107 cm−1 does not

exceed the intensity of the intrinsic two-phonon absorption

in the range of 1400−2660 cm−1 (< 12 cm−1). This

excludes the so-called
”
hydrogen-rich“ crystals from the

study.

3. No mineral or fluid inclusions are detected in the

wafers when viewed in transmission through an optical

microscope, and the dislocation density according to the

results of birefringence analysis does not exceed 104 cm−2;

4. The spread of the line intensity at 3107 cm−1 in

different places of the sample when measured with an

aperture of 1mm does not exceed two times. As shown

in [35], the distribution of the main defects (including

theN3VH) defect) over the volume of natural crystals can

be very non-uniform;

5. IR absorption measurements are performed in trans-

mission through the entire sample, and SIMS measurements

affect only the near-surface layer with a thickness of

no more than 10 µm. There is no guarantee that the

concentrations of the studied defects near the surface and

in the depth of the sample are the same. To minimize this

discrepancy, the thinnest possible plates should be used.

In the table, the samples selected for study are described.

Subsequent infrared absorption measurements were car-

ried out on a scanning IR Fourier microscope LUMOS

(Bruker) in the range of 1000−4000 cm−1. A square mea-

suring diaphragm 120× 120µm was used. This diaphragm

was utilized at the second stage of IR measurements over

the entire surface of each sample in sequential 2D scanning

to perform fast (1 scan) IR absorption measurements (in
the range of 800−4000 cm−1) to select the places with the

most uniform I3107distribution. A part of such a map for one

of the samples in the form of a rectangular area is shown in

Optics and Spectroscopy, 2025, Vol. 133, No. 6
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Characteristics of the studied diamonds

Number Orientation Polishing Thickness, µm Integral coefficient Type by

of the sample LCM absorption content of

3107 cm−1, cm−2 nitrogen

T210 (110) Polished 401± 5 3.5± 0.9 IIa−IaB

T216 (110) Polished 414± 9 14, 7± 3.8 IaB

T219 (110) Polished 112± 25, 13.3± 3.0 IaB

wedge-shaped

T221 (100) Polished 219± 6 15.3± 2.7 IaB

T284 (111) Unpolished, 625± 17 1.7± 0.5 IaAB

by the flat chipping area

T286 (110) Polished 260± 10 2.9± 0.9 IIa

Note: The notation is as follows: IIa — low-nitrogen diamond without one-phonon IR absorption; IaB — one-phonon absorption (400−1400cm−1) on

nitrogen defects (in this case B-defects (N4V)) is greater than the intrinsic two-phonon absorption (1400−2700 cm−1); IIa−IaB — less; IaAB — contains

defects A and B.

Fig. 2, a. To the right of the map is the scale of the optical

absorption integral I3107 in LCM 3107 cm−1 after removing

the baseline. From Fig. 2, a it is evident that the region

of the sample with the most uniform I3107 distribution is

located in the lower left part of the rectangular area. At

the third stage of measurements, it was in this area that the

measurement points of the IR absorption spectra with a high

signal-to-noise ratio were selected (10 scans each). These

points are marked with different colors in Fig. 2, b, shows

the IR spectra measured at these points, Fig. 2, d — one of

the spectra in the vicinity of the LCM 3107 cm−1. The

infrared absorption spectra were processed by numerical

approximation of the IR absorption peak at 3107 cm−1

using the least squares method. For the approximation, the

sum of the linear function of the background absorption and

the Lorentz function was used:

α(ν) = α0 + kν +
2I3107w

π(4(ν − ν0)2 + w2)
, (2)

where ν — wavenumber, cm−1; α(ν) — optical absorption,

cm−1; α0 and k — parameters of the linear function of

background approximation; ν0 — position of the peak

maximum along the wavenumber axis, cm−1; I3107 — inte-

grated intensity of the Lorentzian peak, cm−2; w is the full

width at half maximum (FWHM) of the Lorentzian peak,

cm−1. Approximation was conducted in the wavenumber

interval between 3050 and 3150 cm−1. The amplitude

of the Lorentzian peak (cm−1) can be calculated from

the approximation parameters according to the formula:

A3107 = 2I3107/πw .

Experiment Using SIMS Technique

For areas of the samples characterized by maximally

uniform distribution of I3107 SIMS measurements were

then executed at the fourth stage. At least five depth

profiles of hydrogen concentration per side of each wafer

(totaling no fewer than ten per platelet) were obtained in the

regions designated during the third-stage IR measurements.

The SIMS profiling technique involves focused primary ion

beams sequentially removing layers of the target material

while simultaneously mass-spectrometrically analyzing the

elemental composition of secondary ions emitted from

the bottom of the ion etching crater upon sputtering the

target. This process registers intensities of various types

of ions (positive or negative, monoatomic or polyatomic)
depending on the time elapsed since ion etching began.

Such data allows us not only to convert ion etching

times into current depths of the position of the etching

crater bottom, from which the ions were emitted at the

given moment, but also, using the necessary calibrations,

to determine the concentration (content) of impurities at

the given moment of etching time (i.e. at the given

depth) based on the set of current intensities of secondary

(analytical) ions. Collectively, datasets of the form impurity

concentration versus depth of ion etching represent a SIMS-

profile illustrating impurity distributions through uniformly

(matrix) composed targets [36].

Typically, calibration standards for quantitative SIMS

analysis of impurities involve external reference samples

either devoid of or containing minimal amounts of the

analyte impurity, into which known quantities of that

impurity have been introduced via ion implantation [32,33].
With this approach, the found calibration values (relative
sensitivity factors, RSF) can be used in the analysis of

the studied samples only if all the fine adjustments of the

primary and secondary ion optics of the SIMS instrument,

the geometry of the target location in the analytical chamber

and other parameters accurately reproduce the conditions

under which the RSF was previously determined, making

it labor-intensive and sometimes incomplete. To address

this challenge, prior to SIMS profiling in our work, we

Optics and Spectroscopy, 2025, Vol. 133, No. 6
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implanted 1H+ ions in every studied sample, both sides

receiving doses of 1015 cm−2 at energy levels of 100 keV.

To carry out ion implantation, an ion implanter from

High Voltage Engineering Europe B.V. (Netherlands) was

used. This resulted in bell-shaped hydrogen concentration

distributions beneath the diamond surfaces with charac-

teristic depths (projective range of ions in the target Rp)
around 500 nm and well-known total numbers of atoms

involved (Fig. 3). Hydrogen concentrations beyond

2− 3Rp, where the diamond structure remains essentially

undistorted by ion implantation processes and radiation-

stimulated diffusion at room temperature [37,38] correspond
to native hydrogen content in the diamond requiring deter-

mination.

During measurements, pressure in the SIMS instrument’s

analytical chamber reached values up to 2 · 10−10 Torr.

Despite these conditions, investigations into solid-state tar-

gets’ contents of
”
volatile“ elements like hydrogen, carbon,

oxygen, and nitrogen face complications due to their incor-

poration into molecules constituting residual atmospheric

gases present even under ultra-high vacuum conditions in

the SIMS tool’s analytical chamber. Consequently, these

elements continuously adsorb onto the investigated sample’s

surface before being ejected as ions following ion etching.

Thus, the observed current of analytical ions arises partly

from atoms contained within the sample itself — the

object of investigation — and partly from analogous atoms

originating from residual gas components within the tool’s

atmosphere. The first component scales linearly with the

rate of ion etching, i.e., the density of the primary ion

beam. The second component does not depend on etching

rate. Therefore, minimizing the relative contribution of the

latter term necessitates increasing the ion etching speed

until technical limitations of the equipment are met. In

this study an increase in the primary beam current density

was achieved by reducing the raster size. Etching speeds

consequently rose several-fold towards the final stages of

SIMS profiling, transitioning from initial rasters [39] sized

70× 70µm, down to final rasters reduced to smaller dimen-

sions 30× 30µm, hereby significantly enhancing etching

speeds.

At least five hydrogen concentration profile measurements

across the depth dimension were conducted per side of each

sample (thus at least ten per wafer) throughout the SIMS

profiling process. Measurement locations corresponded

to those previously identified in Stage Three IR analy-

ses.

To prevent contamination prior to measurements, samples

underwent degreasing in boiling ethanol. Due to the

necessity of investigating samples from both sides, they

were fixed onto carriers using specialized ultrahigh-vacuum

adhesive tape. Since diamond is an insulator whose surface

charges when bombarded by primary ions, rendering SIMS

measurements impossible. Steps were taken to suppress

charging effects. Specifically, a thin layer of gold ∼ 20 nm

thick, was pre-deposited onto the sample surface, followed

by continuous irradiation with slow electrons during the
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Figure 3. SIMS Profile of Depth Distribution of Hydrogen

Impurity in Diamond Ion-Implanted with 1H+ (dose 1 · 1015 cm−2,

energy 100 keV). See text for details.

measurement process. These measures ensured mainte-

nance of the sample’s surface potential at 0 V. during the

experiment.

For SIMS measurements, we utilized a CAMECA IMS-7F

(France) secondary ion microprobe instrument combining

magnetic-sector mass spectrometry with double focusing

capabilities. Primary 133Cs+ ions with kinetic impact

energies of 15 keV, were used for ion sputtering. Initially,

the focused beam scanned the sample surface in rasters

of size 70× 70µm during profiling of implanted hydrogen

atoms (down to depths exceeding 1000 µm), subsequently
shrinking to a raster size of 30 × 30µm, i.e., at an increased

ion sputtering rate, at the stage of profiling the hydrogen

content in the sample.

Analytical secondary ions consisted of pairs ion contain-

ing impurity atom — ion containing matrix atom in forms

such as 1H−
−

12C− or 1H12C−
−

13C−. The depth scale of

the SIMS profile was determined from data on the time

dependence of secondary ion currents by measuring the

depth of the diamond etching crater using a primary ion

raster of size 70× 70µm using an AMBiOS XP-1 (USA)
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Figure 4. The results of calculating hydrogen concentrations based on the SIMS measurements at different points in the selected

measurement areas and on two sides of the plates: (a) a sample with similar hydrogen concentrations on two sides (T210), (b) a sample

with very different hydrogen concentrations on two sides (T284).

profilometer and from data for profile sections measured

with a smaller raster size. The depth was estimated taking

into account the increase in the primary beam current

density and, accordingly, the increase in the ion etching

rate.

The hydrogen impurity content was determined using

the standard procedure for determining the RSF for ion-

implanted samples [40,41] on a section of the profile rep-

resenting a bell-shaped curve, using the dose of implanted

hydrogen assigned to them (dose 1015 cm−2). The RSF

value determined in this way was used to calculate the

depth distribution profile of the hydrogen impurity in the

diamond for the entire profile, including its final part, the

hydrogen concentration in which was taken as an estimate

of the upper limit of the hydrogen content in this region of

the diamond sample.

During the measurements, it turned out that a significant

(at least 50%) share of the profiles had an anomalous

and irregular appearance. It is possible that in these

cases, hydrogen-containing microscopic inclusions (most

likely fluid) were encountered during ion profiling, which

were also found in [33]. These inclusions are so small that

they are invisible under a microscope and the IR absorption

signal from the substances they contain is below the sensi-

tivity of IR spectroscopy [35]. However, if foreign inclusions

were the cause, the irregularities should have been observed

at different depths, but we observed them mainly in the

near-surface layer. There is another explanation. In [40]
it was found that in some places the near-surface layer of

diamond contains some unknown extended defects through

which implanted atoms can diffuse to the surface. The

results of SIMS profiling demonstrating such anomalous

profiles were excluded from consideration and a new SIMS

profiling was performed on an adjacent area of the sample

demonstrating the expected impurity distribution in the form

of a signal from a bell-shaped profile of implanted hydrogen

superimposed on a constant signal from hydrogen located in

the diamond and hydrogen originating from the gases of the

analytical chamber adsorbed on the surface of the sample.

A typical profile of the hydrogen content in the samples is

shown in Fig. 3. The breaks in the profiles at depths greater

than 1000 nm correspond to the moment of change in the

primary beam raster size from 70 × 70µm to 30× 30µm

after which the ion etching rate and, consequently, the

current of secondary ions of carbon isotopes increase several

times. Fig. 4 shows, as an example, the results of calculating

the concentrations of impurity hydrogen on two sides of

the plates for two samples — on each side there are five

points of the SIMS analysis. The average values of hydrogen

concentrations over all measurements are also given.

Among the six studied samples, on one of them (with

the greatest thickness T284), according to the SIMS

data, the different sides of the wafer differed greatly in

hydrogen concentration values (Fig. 4, b). This sample was

excluded from consideration. For the remaining five samples

(Fig. 4, a), within the measurement error, as well as within

the statistical spread, the hydrogen concentration values

on two sides of the wafers and at different points in the

selected analysis areas turned out to be suitable for statistical

analysis. If the impurity concentrations on both sides of a

thin wafer are close, then there is reason to consider its

concentration to be approximately constant over the entire

thickness of the wafer in the measurement area.

As can be seen in Fig. 4, the hydrogen concentration

values determined by the SIMS method in different places

of the selected analysis area may differ by tens of percent.

In order to increase the representativeness and accuracy of

the data, at the fifth stage of the study, the absorption of

IR radiation was measured at the locations of craters from

SIMS profiling using a Bruker70v spectrometer with an

200× 200µm diaphragm. Thus, at least 10 measurements

were made for each of the samples.
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Results and discussion

For the five studied samples, Fig. 5 shows the results

of measuring the IR absorption of LCM 3107 cm−1 at

the locations where the SIMS analyses were performed in

comparison with the hydrogen concentrations determined

by the SIMS method.

As can be seen, there is a dependence between the

IR absorption of LCM 3107 cm−1 and the hydrogen

concentration determined by the SIMS method. We believe

that the main reason for the noticeable scatter in the data

is the inconsistency of the experimental methods described

above — the IR absorption was measured in transmission,

through the entire thickness of the sample, while the

SIMS measurements affect only the surface layer. This

dependence can be approximated by the ratio

CH = S∗

N3VH × I3107,

where S∗

N3VH=(2.15±1.44)·1017 cm−1=(1.2±0.8) ppm cm−1.

It would be convenient to use this correlation as a

normalization for determining the defect concentration

N3VH from IR spectroscopy data in LCM 3107 cm−1.

However, the value S∗

N3VH = (2.15± 0.65) · 1017 cm−1

differs greatly from the normalization obtained

in the work. SN3VH = (1.94 ± 0.18) · 1016 cm−1.

In [19] he hydrogen concentration in natural

diamond plates was measured by the nuclear-physical

method of proton-proton collisions. The value

S∗

N3VH = (2.3± 0.15) ppm cm−1 = (3.9± 0.26) · 1017 cm−1

was obtained on five samples (one questionable sample

with inclusions was excluded from consideration). In [33]
the value S∗

N3VH = (0.68 ± 0.11) · 1017 cm−1was obtained

on four samples (one measurement per sample) out of

five (one sample strongly deviates from the correlation).
Such a large scatter of data in different studies again

raises the question of the forms of hydrogen incorporation

into diamond that are not manifested in EPR and optical

methods of analysis, including IR spectroscopy [37]. In [38]
it is shown that hydrogen implanted in a high dose (a layer

1.8µm thick with an implanted hydrogen concentration of

1.6 · 1021 cm−3) in diamond is also in an optically inactive

state up to an annealing temperature of 1400 ◦C — it either

does not react to IR radiation at all or absorbs very weakly.

Nevertheless, hydrogen is present in diamond, because

after annealing at a temperature above 1400 ◦C most of it

collects into macroscopic blisters.

Several variants of hydrogen atom arrangement in dia-

mond crystal lattice have been theoretically considered and

calculated [23], however, IR radiation absorption should

be observed in almost any variant due to the presence

of a dipole moment. To date, only one variant of

hidden hydrogen impurity form has been proposed —
pseudomolecule H∗

2 [42], in which two hydrogen atoms

are in neighboring interstitial positions and form a non-

polar chemical bond with very low IR radiation absorp-

tion. Similar pseudomolecules H∗

2 have been found in

silicon [43]. In combination with the absence of electrical

activity and low mobility, this defect can be an electrically,
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magnetically and optically inactive hydrogen reservoir in

diamond.

Conclusion

Two methods of experimental study of hydrogen and

N3VH defects in natural diamonds — SIMS and IR

absorption measurement have been applied. The SIMS tests

were performed in crystal regions with the most uniform

I3107 value distribution. The method of accounting for

the contribution of adsorbed hydrogen to the SIMS signal

was applied. The total hydrogen profiles by the depth

of analysis were also presented. Theoretical calculations

suggest several options for the location of hydrogen atoms

in the diamond crystal structure, but most of them should

lead to noticeable IR absorption, which is inconsistent with

experimental observations and is not detected by standard

analysis methods.

A literature analysis showed that in addition to the

known forms of hydrogen in diamond, there may be

other, more
”
hidden“ configurations that are not revealed

by standard analysis methods. Further research in this

direction may shed light on the nature of these forms and

their influence on the properties of diamond. To solve

the mystery of
”
hidden“ hydrogen in diamond, it may be

necessary to use the NMR method.
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