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An advanced microwave plasma reactor ARDIS 300 was used to synthesize homoepitaxial structures of
monocrystal diamond films at Project Center ITER. High-quality epitaxial diamond films were grown on boron-
doped monocrystal diamond substrates using microwave plasma-assisted chemical vapor deposition from methane-
hydrogen mixture. Structural and impurity perfection of diamond films were characterized by Raman spectroscopy,
photoluminescence, and optical absorption. Prototypes of radiation detectors were created on the basis of grown
diamond films with thickness 70—80um,. The p-type substrate with boron concentration ~ 100 ppm served as

an electrical contact.

Detectors were irradiated by 5.5MeV particles and 14.7 MeV neutrons, corresponding

pulse height spectra were measured and detector sensitivities were determined. Charge collection efficiency for
synthesized diamond was shown to achieve 94% and 91% when ~ 4 V/um electric field applied.
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Introduction

The unique electrophysical properties of diamond as
a semiconductor with a bandgap of 545eV [1] (high
mobilities (up to ~ 4000cm?/(V-s)) and drift veloc-
ity (~ 107 cm/s) of charge carriers [2], high dielectric
breakdown field, record-high thermal conductivity (up to
24 (W/ecm-K)), wide operating temperature range (up to
700°C), high radiation resistance [3-5], and high (up
to 100% under certain conditions) efficiency of carrier
collection) provide an opportunity to design radiation-
hardened ionization radiation detectors [6] and other high-
load diamond electronic modules to be applied in high-
energy physics, in certain branches of industry utilizing
nuclear technology, and in research into thermonuclear
plasma [7-14]. In a detector structure, diamond is a solid-
state ionization chamber with charge collection at electrodes
positioned on both sides of a diamond plate. Shaped by the
nuclear reactions in diamond, the amplitude spectrum of a
diamond detector within a flux of fast neutrons produced
in the synthesis of deuterium and tritium [15] ensured
efficient application of diamond detectors in spectrometry
of DT neutrons in thermonuclear research at TFTR [7],
JT-60U, JET [9], and several other facilities utilizing nuclear
technology.

The best characteristics of detectors are achieved when
single-crystalline plates and films grown in methane—
hydrogen mixtures in microwave plasma reactors are used.
The chemical vapor deposition (CVD) technology ensures
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a low density of impurities (primarily nitrogen) and a
relatively high degree of crystalline perfection [16-19].

The most significant progress in synthesis of diamonds
with an almost complete charge collection (charge collection
efficiency, CCE) under irradiation with alpha particles
with an energy of ~ 5.5MeV has been achieved in the
last 20 years in research carried out at Flement Six
(CCE = 95—100%, energy resolution AE/E = 0.4—1.2%
at plate thickness A = 100—500um [20,21]); the Tor
Vergata University of Rome (CCE ~ 100% and
AE/E = 1.1%, A= 110um [22]); Ila Technology, Singa-
pore (CCE ~ 100% and AE/E = 0.8%, A = 890 um [23));
the Hokkaido University and AIST, Japan (CCE
~100% and AE/E =0.38%, A=70—150um [24]);
and FSBI TISNCM, Troitsk, Russia (AE/E = 0.56%,
A ~ 100 um [25,26]).

The typical thickness of diamond plates in detectors is
200—500 um. This thickness should not be smaller than the
charge collection distance (CCD). Since the drift velocity
of current carriers in diamond starts saturating in electric
fields on the order of 1V/um, the required bias voltage
value may be reduced significantly by making the detector
as thin as several tens of micrometers. This explains the
appeal of designs based on thin films. One of the methods
of fabrication of a thin-film diamond detector involves the
epitaxial deposition of undoped diamond by CVD onto a
conducting single-crystalline diamond substrate doped with
boron [7,27-29]. This p-type substrate is used for epitaxy of
the undoped material and as the back contact of a detector,
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and the nominally undoped epitaxial diamond layer serves
as an active layer of the structure within which the electric
field is concentrated and the charge carriers (produced by an
ionizing particle) move. Alternatively, a buried graphitized
layer produced by ion implantation [30] may serve as the
back contact.

in the present study, the results of the first experiments
at Project Center ITER on synthesis of homoepitaxial
CVD diamond films with a thickness of several tens of
micrometers on HPHT (high pressure high temperature)
substrates heavily doped with boron (p-type) are reported.
The efficiencies of charge collection in synthesized films and
their alpha- and neutron-detecting efficiency are examined.

1. CVD synthesis of single-crystalline
diamond films

Epitaxial single-crystalline undoped diamond films were
grown in an ARDIS-300 microwave plasma reactor (fre-
quency: 245GHz, power: up to 6kW) produced by
Optosystems Ltd. [30]. This reactor was modernized with
the specific purpose of synthesis of detector-grade diamond.

The updated reactor design differs from the base model
in that leakage into the chamber from the atmosphere is
reduced. The concentration of the background nitrogen
impurity in the gas mixture is reduced accordingly, thus
providing an opportunity to synthesize diamond materials
with complete charge collection.

The modernized ARDIS-300 reactor complex allows one
to adjust directly the following parameters in the process of
synthesis of diamond films: independent inflow of hydrogen,
methane, nitrogen, oxygen, and a boron-containing gas or
(in future) a boron-containing liquid vapor into the chamber;
pressure of the gas mixture in it; microwave radiation power;
and vertical position of the substrate. These parameters
affect the concentration of the above-mentioned gases in
the mixture, the substrate temperature, and, consequently,
the growth rate of a diamond film. The pressure in the
chamber is maintained by a spiral dry pump, and high
vacuum is achieved using a turbomolecular pump. The
attainable vacuum value in the reactor is 5 - 10~ Torr. Two
types of sensors are used to monitor the pressure in the
chamber: a Pirani sensor and a capacitance sensor.

High-purity oxygen (99.99999% pure) and methane
(99.9999%) were used as reagents. The substrate tem-
perature in the course of synthesis was measured with a
Sensortherm Metis M3 two-color IR pyrometer.

The leakage from the atmosphere into the reactor did
not exceed 2.5-107®Torr -1/s. In the CVD process, this
translates into a concentration of N, nitrogen molecules of
about 2 ppm in the gas mixture in a chamber with a volume
of 51. The N/C ratio at a typical methane concentration
(4%) was ~ 100 ppm. Since the coefficient of incorporation
of nitrogen atoms (N/C)gia/(N/C)gas into a growing diamond
in the CVD process is ~ 2 - 107* [31,32], a concentration of
nitrogen in the epitaxial material at the level of 20 ppb is to

Table 1. Film synthesis conditions: pressure p, methane
concentration in gas [CH4), substrate temperature T, microwave
power Pmw, deposition time tg, growth rate GR, film thickness d

Ne p, |[CHy | Ts, |Pumw,| t, | GR, | d,
of sample | Torr | % °C w h | ym/h | um

B21 170 | 4 940 | 5500 | 23.5 30| 70
B22 170 | 4 940 | 5500 | 23.5 32|75
B23 170 | 4 965 | 3600 | 20.0 40| 80
HO3 140 | 1.5 | 1050 | 3500 | 66 | < 1.0 | 51

be expected (the contribution to the nitrogen concentration
in diamond from impurities in the working gas is two orders
of magnitude lower, ~ 0.1 ppb).

Conducting diamond plates doped with boron (B21,
B22, B23) synthesized in HPHT (high pressure high
temperature) reactors were used substrates for epitaxy.
The boron concentration was =~ 100 ppm (in diamond,
lppm = 1.76 - 10" cm—3). One film was grown on an
undoped HPHT substrate (H03) with a low nitrogen con-
centration (type ITa) in order to determine the concentration
of single substituent nitrogen atoms in a neutral charge
state (NQ), which are traditionally called C defects, in
the grown epitaxial material. The conditions of HO3 film
synthesis were the same as those set for samples B21—-B23.

Polished substrates were 4.5 x 4.5 x 0.5mm in size
with (100) growth faces. The surface roughness measured
with a Solver Next (NT-MDT) atomic force microscope
did not exceed 5nm. The results of measurements with a
Bruker D8 Discover A25 DaVinsiDesign X-ray diffractome-
ter revealed that the deviation of orientation of the working
face of selected substrates from crystallographic plane (100)
did not exceed 3 degrees. Prior to loading into the reactor
chamber, substrates were annealed in a muffle furnace in
air at a temperature of 590°C to remove the non-diamond
carbon phase, boiled in a solution of potassium bichromate
(K2Cr,07) in concentrated sulphuric acid (H2SO4) to
remove the possible surface contaminants after polishing,
and treated with isopropyl alcohol in an ultrasonic bath. The
growth conditions are detailed in Table 1. Diamond layers
with a thickness of 50-80um were produced as a result.
The growth rate of film B23 was higher due to the fact that
the substrate was positioned higher (closer to plasma).

Nomarski differential interference contrast (DIC) mi-
croscopy was used to examine the surfaces of synthesized
samples with an Olympus BX43 optical microscope. Film
B21 had a relatively smooth layer growth surface; hillock-
type macrodefects, which are often observed in CVD
diamond synthesis [33], were lacking. The surface of film
B22 is more developed: it features a certain number of
hillocks and a polycrystalline film on side faces. Sample
B23 has lots of hillocks distributed over the entire surface.
The morphology of film B21 was rated as the best in the
series.
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Figure 1. @ — Raman spectrum of sample B21. The Raman spectrum in the 1320—1340cm ™! range is shown in the inset; » — PL
spectra of epitaxial films B21 (right scale) and B22 (left scale) before and after polishing. The spectra are normalized to unity with respect
to the amplitude of the 1st order Raman peak at a wavelength of 573 nm. Laser excitation at a wavelength of 532 nm was used.

The synthesized diamond films were boiled in a solution
of potassium bichromate in concentrated sulphuric acid for
1h to remove amorphous carbon that could be deposited
on samples in the process of their cooling after the plasma
was switched off. After that, they were rinsed with distilled
water, boiled in deionized water, and treated with isopropyl
alcohol in an ultrasonic bath. One sample (B23) was ground
and polished to the thickness of an epitaxial layer (60 um;
20 um were removed).

2. Optical spectroscopy

The phase purity of films and the presence of optically
active defects in samples were verified by Raman spec-
troscopy and photoluminescence (PL) spectroscopy using a
Renishaw in Via Reflex spectrometer under laser excitation
at a wavelength of 532nm in the backscattering geometry.
The Raman spectrum of sample B21 is presented in Fig. 1,a.
This spectrum contains a single line characteristic of
diamond with its maximum at a frequency of 1332.5cm™".
Its full width at half maximum (FWHM) characterizes
primarily the structural perfection of the material and elastic
stresses due to the presence of dislocations and other
extended defects. The FWHM was 2.2, 24, 2.7, and
23cm™! for films B21, B22, B23, and HO3, respectively.

Following the measurements in which films were used
as detectors (see Section 3 below), contacts were removed
chemically from epitaxial films B21 and B22, and the end
face of B21 and the growth surface of B22 were polished.
Their PL spectra before and after polishing (for film B21,
they were measured at a distance of 5 um from the growth
surface) are shown in Fig. 1,b. In addition to the Ist and
2nd order Raman components, these spectra feature two
optical centers formed by NV defects (a single substituting
nitrogen atom near a carbon vacancy): NV° (neutral) and
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NV~ (negatively charged) with zero-phonon lines at 575
and 638nm, respectively, and their phonon repetitions.
Since the Fermi level concept is not entirely applicable to
wide-bandgap semiconductors with light doping, the same
defects are found in several charge states in diamond [34].
The charge state of an NV defect is governed primarily by its
local environment [35]. An NQ atom located in the vicinity
may transfer its fifth electron to it and form an NV~ optical
center that is dominant in the PL spectrum in Fig.1, ) (the
N2 atom itself then becomes positively charged: N&). It was
demonstrated in [36] that the population of NV~ centers
in a PL study under excitation in a wavelength range of
450—610nm may not exceed 75%. However, the spectra
in Fig. 1 are indicative of the presence of N atoms in
the epitaxial material that do not manifest themselves in
luminescence, but affect the charge state of luminescent NV
defects.

It can be seen from Fig. 1,5 that the PL intensities of
films B21 and B22 (with respect to the 1st order Raman
peak) differ several-fold. Apparently, this is associated with
the difference in growth morphology and the corresponding
difference in probability of incorporation of nitrogen radicals
in the process of film growth. The PL intensity of films B21,
B22, and B23 is correlated with FWHM: it is maximized
for film B23 (the corresponding FWHM is 2.7cm™!)
and minimized for film B21 (the FWHM is 22cm™!).
Notably, the PL intensity of films B21 and B22 decreases
considerably after polishing (Fig. 1,5). This contradicts the
observations made in [37], where the polishing of diamond
was found to intensify the luminescence of defects. It
is possible that this depends on the polishing mode. In
the case of accurate polishing in the soft direction, only
plastic flow occurs in the near-surface layer; in the contrary
case, defects (specifically, such point defects as vacancies
that have the capacity to react with Ns and form NV
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Figure 2. Amplitude spectra of detectors based on samples B21 (a) and B22 (b) under alpha irradiation from **' Am in comparison with
the reference Egl3 (grey) spectrum at (dashed curve) detector voltage U = —60V (on the substrate side) and with (blue curve in the

online version of the paper) zero supply voltage U = 0V.

defects [38]) are generated in the process of treatment with
brittle removal of material.

Single substituting nitrogen is observed in optical ab-
sorption.  Absorption at electron transitions in crystals
type Ib starts from a quanta energy of 1.7e¢V and in-
tensifies smoothly up to the fundamental edge. At low
concentrations Ns, the absorption band with a maximum
near 270nm and a FWHM of about 20nm manifests
itself against this background. Its intensity is proportional
to concentration N [39]. However, it was hypothesized
that this band in a material with nitrogen in the form of
dominant N is associated with the production of negatively
charged Ny in reaction N + hv — N5 + h*, where h* is
a hole in the valence band [40]. Either way, optical
absorption in this band is commonly used to determine the
concentration of N? in diamond.

Optical absorption before and after epitaxy was mea-
sured in transparent sample HO3 in the wavelength range
of 230—350nm using a LAMBDA 850+ (PerkinElmer,
United States) spectrophotometer with a 4mm aperture.
The actual maximum of the peak in our measurement
was located at 272—275nm. Based on the calibration
from [40], the average concentration of NY in substrate HO3
is 95 4+ 8 ppb (1 ppb = 1.76 - 10! cm—3). The peak with its
maximum around 270 nm was not found to intensify after
epitaxy. If we factor in the measurement sensitivity and
other errors, it is fair to say that the concentration of N in
epitaxial film HO3 with a thickness of 51 & 11 um and in
films B21—-B23 synthesized in similar conditions is, in any
scenario, below 50 ppb.

3. Efficiency of charge collection in films

Solid metallic platinum contacts with a thickness of
35nm were deposited by magnetron sputtering at a sample
temperature of 250°C onto the growth side of the film and
the free side of the conducting substrate in order to measure
the efficiency of collection of charges (electrons and holes)
produced in diamond by high-energy particles. The sensing

element with deposited contacts was mounted in a special
case.

The amplitude spectra of the detector were measured
under irradiation with alpha particles from a reference
241 Am source with an energy of ~ 5.5MeV and an activity
of ~ 30kBq under atmospheric pressure (with the detector
positioned at a distance of ~ 2mm from the source) and
under irradiation with neutrons from an ING-07T generator.
Losses inside the reference source of alpha particles are
low, since it is not covered with a protective layer and the
active layer is very thin. According to our estimates, the
deviation from the theoretical value of energy of a ! Am
alpha particle does not exceed 50keV. Losses at the detector
contacts are insignificant (no higher than 2keV), and the
broadening of the peak of the energy spectrum at contacts
is below 0.1%. An air gap of 2mm between the source
of alpha particles and the detector induces a ~ 200keV
loss of energy of alpha particles, and the peak broadens
by a factor of 3.9. This was measured using a Egl3
detector (which serves as the reference for the presented
results), but within a different measurement section. The
accelerating voltage of ING-07T was 130kV at a current of
100 mA. Detectors were positioned at a distance of 5cm
from the neutron generator target along the axis of the
accelerated deuterium-tritium generator beam within a flux
of neutrons with an energy of ~ 14.7MeV and a density of
~1.1-10°cm~2s~!. The measurement section included a
Canberra 2004 charge-sensitive preamplifier, an Ortec 673
shaping amplifier, an Ortec 556 power supply, and an Ortec
926 spectrometric ADC.

The measured amplitude spectra were compared with the
spectra of a reference diamond Egl3 detector (produced
at Project Center ITER from CVD diamond provided by
Element Six). Its charge collection efficiency is ~ 98%,
and the energy resolution is AE/E ~ 0.8%. The amplitude
spectra of detectors based on films B21, B22 within a flux
of alpha particles from the 2*' Am source are presented in
Fig. 2, a. The corresponding spectra for film B23 are shown
in Fig. 3. The measured FWHM values of amplitude peaks

Technical Physics, 2022, Vol. 67, No. 4
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Figure 3. Schematic diagram of the detector structure (a); b — amplitude spectra of detector B23 under alpha irradiation from **! Am in
three measurements (out of five consecutive ones) with bias voltage U = —300V (shown in different colors on the right). The reference
Egl3 spectrum (grey) was measured with bias voltage U = —500 V. The inset presents the spectra of detector B23 in a narrow energy

range. The time of measurement of a single spectrum was t = 300s.

Table 2. Charge collection efficiency € and widths of Raman peaks of the diamond film (Avt) and the substrate (Avs)

Sample Charge Raman .peak width Raman peak width
number collection efficiency &, % of the diamond film of the substrate
’ Avi, cm™! Avs, cm ™!
Egl3 98 22 o/
B21 92 22 38
B22 86 24 4.0
B23 86 27 57

of films B21, B22, and B23 were 3.9, 4.2, and 4.24%,
respectively, and were governed by the energy spectrum
of alpha particles after propagation through ~ 2mm of air
and the energy resolution of the corresponding film. The
indicated values are close to the FWHM of the reference
Egl3 crystal (3.6%). The FWHM of the energy spectrum
of the alpha-particle source for our detectors may be
estimated based on the results of measurements for Egl3
in the following way: ((3.6%)2—(0.8%)2)0'5 = 3.4%. The
energy resolutions of films B21-B23 may be estimated
accordingly by quadratic subtraction of the width of the
energy distribution of alpha particles (3.4%) from the width
of their amplitude spectra. This procedure yields the values
of 1.7, 2.45, 2.5% for B21—-B23, respectively. Note that the
path length of alpha particles in diamond is around 12 um;
therefore, electron—hole pairs were generated only in the
anode region of the detector volume.

The key difference between the characteristics (e.g.,
charge collection efficiency) of the reference Egl3 diamond
detector, which was produced based on CVD diamond
provided by Element Six, and samples B21—-B23 examined
in the present study is in the concentration of nitrogen in
CVD diamond. Element Six states that the concentration
of nitrogen in its electronic-grade diamond is on the order

Technical Physics, 2022, Vol. 67, No. 4

of 1ppb, while it was demonstrated experimentally for
our samples that the concentration of nitrogen in them
is no higher than 50ppb, which is sufficient to rate
the film material as a detector-grade one. It should be
noted that while the Egl3 crystal (chosen as the reference
one) is characterized by a low concentration of impurity
nitrogen and a high degree of crystalline perfection, its
characteristics as an electronic-grade material are not record-
high. Therefore, the results obtained with the Egl3 detector
differ from literature data for the best samples.

The maximum signal for the reference Egl3 detector
corresponded to channel #1899. The efficiency of charge
collection in films B21 and B22 determined based on the
shift of the peak in the amplitude spectrum upon generation
of electron-hole pairs in the anode film region at a bias
voltage of 60V were 92 and 86%, respectively, with a
measurement uncertainty of +0.2%. The efficiency of
charge collection in film B23 was 86% at a bias voltage
of 300 V. The shape stability of the amplitude spectrum
should be noted; specifically, the spectra in a series of five
consecutive intervals (each having a length of 300s) for
B23 were almost identical. This is indicative of a relatively
low density of charge trapping sites in films (the spectra
of three measurements out of five consecutive ones are
shown in Fig. 3). The WIiRE 5.1 software supplied with
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the spectrometer was used to determine the FWHM values
in Raman spectra. The line shape was approximated with a
Voigt distribution. Six points were positioned on a Raman
line profile. The mean-square deviation of the calculated
FWHM values was 0.1cm~'. It should be noted that
the FWHM values of the obtained spectra are somewhat
overstated. For example, the FWHM of the neon line
of a calibration neon lamp supplied with the instrument
was 1.3cm~!. However, the characteristics of synthesized
diamond films presented in Table 2 and Fig. 1 still allow one
to state that the charge collection efficiency increases as the
Raman peak becomes narrower.

Although the substrates doped with boron did not differ
radically in the concentration of boron, which was on the
order of 100 ppm, they differed substantially in Raman peak
width Avs. Thus, the substrates had different degrees of
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imperfection. According to the data from Table 2, Raman
peak width Av¢ of the film increases with Avg; i.e., the film
does (to a certain extent) inherit the substrate imperfection.
Notably, the best sample B21 corresponds to the substrate
with the narrowest Raman peak. The similarity between the
Raman peak widths of sample B21 and detector Eg13 from
Element Six also indicates that B21 is of a higher quality
than samples B22 and B23.

It should be noted that the PL intensity of films B21
and B22 (with respect to the 1st order Raman peak)
in the 600—800nm range (Fig. 1), which is associated
with the presence of nitrogen-vacancy complexes, is also
correlated with the charge collection efficiency: the highest
efficiency corresponds to sample B21 that has the minimum
photoluminescence intensity.

The charge collection efficiency depends to a considerable
extent on impurities and point defects that act as traps and
carrier scattering sites.

In order to estimate the influence of contacts on CCE and
the energy resolution of the detector, platinum contacts of
sample B21 were removed chemically and deposited once
again. The sample with film B21 with newly fabricated
35-nm-thick platinum contacts was again mounted in a
detector case, and its amplitude spectra within fluxes of
alpha particles of the same 2*! Am source were measured in
air and in vacuum (at a source—detector distance of 2 and
20 mm, respectively) in the conditions similar to those set
in previous measurements. The measured amplitude spectra
of B21 with new contacts (see Fig. 4) revealed a CCE of
~ 94% and an energy resolution of 88 keV (1.69%).

The amplitude spectra of detectors with films B21, B22,
and B23 within fluxes of neutrons with an energy of
147MeV and a FWHM of the energy distribution of
~ 320keV were measured in order to obtain a lower-bound
estimate of the charge collection efficiency upon uniform
generation of electron-hole pair within the entire volume of
synthesized diamond films. The obtained amplitude spectra,
which are shaped by reactions C(n, n)C, C(n, a)2«a, and
C(n, @)Be [13] (Fig. 5), revealed a high efficiency of charge
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Figure 5. Amplitude spectra of detectors with films B21 and B22 (a) and B23 (b) within a flux of neutrons with an energy of 14.7 MeV

from the ING-07T generator at a distance of 5cm from its target.
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collection in the synthesized B21, B22, and B23 films in
the case of generation of electron-hole pairs distributed
uniformly throughout the volume. The measured shifts of
the peak associated with reaction C(n, a)Be (right peaks in
Fig. 5) in the amplitude spectrum provided an opportunity
to obtain lower-bound estimates of the efficiency of charge
collection in B21, B22, and B23: 91, 85, and 85%,
respectively. The considerable enhancement of width of
C(n, a)Be peaks (Fig. 5) relative both to the reference
Egl3 and to the spectra within fluxes of alpha particles
(Figs. 2—4) may be attributed both to a significantly lower
measurement statistics and to the fact that an appreciable
fraction of charged products of reaction C(n, a)Be produced
near the substrate—film interface in thin films may leave the
film without transferring all of their energy.

Conclusion

Homoepitaxial undoped detector-grade diamond films
with a thickness up to 80um were synthesized in a
modernized microwave plasmachemical reactor in CH4/H;
mixtures on single-crystalline diamond substrates doped
with boron. It was demonstrated that the charge collection
efficiency increases as the width of the diamond line in
the Raman spectrum of a film decreases (the degree of
crystalline perfection grows) and the PL intensity goes
down. It was proven experimentally that the efficiency of
collection of charges produced in synthesized diamond by
fluxes of alpha particles with an energy of 5.5MeV and
neutrons with an energy 14.7MeV is as high as 94 and
91%, respectively. Radiation detectors constructed based
on diamond films featured a high stability of parameters in
detection of alpha particles and neutrons.

Although the synthesized films are photoluminescent
due to the presence of nitrogen-vacancy complexes, they
demonstrate a high charge collection efficiency and are thus
suitable for detector applications.
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