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Natural diamond has been considered as a perspective material for clinical radiation dosimetry due to its tissue-
biocompatibility and chemical inertness. However, the use of natural diamond in radiation dosimetry has been halted by the
high market price. The recent progress in the development of CVD techniques for diamond synthesis, offering the capability of
growing high quality diamond layers, has renewed the interest in using this material in radiation dosimeters having small geo-
metrical sizes. Polycrystalline CVD diamond films have been proposed as detectors and dosimeters of β and α radiation with
prospective applications in high-energy photon dosimetry. In this work, we present a study on the TL properties of undoped
diamond film samples grown by the hot filament CVD (HF CVD) method and exposed to β and α radiation. The glow curves
for both types of radiation show similar character and can be decomposed into three components. The dominant TL peaks are
centered at around 610 K and exhibit activation energy of the order of 0.90 eV.
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1. Introduction

The diamond is characterized by exceptional
mechanical, thermal, optical properties and excel-
lent electrical properties such as a high carrier mo-
bility and high breakdown voltage [1, 2]. Nowa-
days, due to the fast development of diamond syn-
thesis from vapor phase, growing diamonds of de-
sired quality and reproducibility became possible.
Due to the excellent properties, especially large en-
ergy gap, diamond is a very good material for dif-
ferent applications [3, 4]. It can be considered as
an excellent material for detection of any kind of
radiation [5] and especially can be applied in ther-
moluminescence (TL) dosimetry [6, 7].

The TL studies of this material allow one
to characterize the properties of defects (traps)
responsible for energy accumulation of ionizing
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radiation. This phenomenon is vital for passive lu-
minescence (TL or OSL) dosimeters. However, in
the case of isolators applied as active detectors,
such traps play a harmful role as they are respon-
sible for delay and distortion of the detector re-
sponse.

TL efficiency of CVD diamond layers depends
on many factors including deposition parameters
of diamond growth process, i.e. crystalline quality,
but also on the type and doping level [8]. Diamond
films may be characterized by very distinctive mor-
phological and structural defects, including charge
trapping defects responsible for the thermally stim-
ulated radiative recombination. Properties of such
metastable localized states for the TL phenomenon
obviously have a big influence on the quality of the
dosimeter made from diamond film [9–15].

In particular, the optimization of TL proper-
ties can be also done by doping of diamond lay-
ers by boron or nitrogen incorporated into the CVD
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precursor gas during diamond growth process. The
diamond doping with boron or nitrogen is currently
a subject of intensive research. The investigation
is focused on improving the efficiency of TL sen-
sitivity and TL signal-to-dose linearity [6, 7, 16].
It is well known that the TL signal of undoped
CVD diamond films strongly depends on the CVD
diamond growth process i.e. precursor gas com-
ponents and their relative concentrations, substrate
temperature, and other technical parameter, for ex-
ample the filament-substrate distance, gas flow rate
and total pressure in the reactor during film depo-
sition [16]. Due to the large number of technologi-
cal parameters, the TL efficiency of CVD diamond
layers needs to be still further investigated.

In this work, we present preliminary results of
studying the TL properties of undoped CVD dia-
mond films exposed to β and α radiations in rela-
tion to their structural quality studied by SEM and
Raman spectroscopy. Our preliminary results show
that CVD diamond films can be used in the future
as accurate detectors of ionizing radiation. The di-
amonds are considered as tissue equivalent, which
makes them particularly suitable for medical appli-
cations i.e. brachytherapy and Intraoperative Radi-
ation Therapy IORT.

2. Experimental

The polycrystalline diamond films with a thick-
nesses of about 1.5 µm were deposited on a (1 0 0)
silicon substrate by the Hot Filament Chemical Va-
por Deposition (HF CVD) technique. A mixture
of methanol and hydrogen (CH3OH/H2 = 1 %)
was used as a working gas. The parameters of the
growth process were as follows: the total pressure
in the reaction chamber: p = 8 kPa, the substrate
temperature: 1100 K and the working gas flow rate:
100 sccm (standard cubic centimeter per minute).
In order to enhance the diamond nucleation density,
the silicon substrate before the deposition process,
was scratched with a diamond paste [17].

The Raman spectrum was recorded, at room
temperature in air, in the backscattering geometry.
The blue line (488 nm) from an argon laser was
used as the excitation source.

The TL experiments were carried out with
help of RISO TL/OSL-DA-20 luminescence
reader [18], equipped with EMI9235QA photomul-
tiplier and beta and alpha radiation sources. Such
equipment is commonly used in the field of lu-
minescence dating [19], but it can be also applied
for TL measurements in material studies [20]. The
sample was put on a stainless steel disc (9.7 mm in
diameter) and silicon oil was used as an adhesive.
The sample was kept and operated in light tight
conditions. Prior to the irradiation it was preheated
up to 450 °C.

The TL was measured without any optical emis-
sion filters at a heating rate of 1K/s in argon atmo-
sphere. TL analysis was carried out using Glow-
Fit program for deconvolution of glow curves, de-
scribed in detail in the literature [21], from which
the kinetic parameters were extracted.

The nominal dose of beta radiation of 940 Gy
applied from 90Sr/90Y source in a standard arrange-
ment was estimated on the basis of the dose rate,
as calibrated for quartz grains with the diameter
of the order of 200 micrometers [22]. The alpha
irradiation was realized using incorporated 241Am
foil source of nominal activity of 10.7 MBq under
vacuum conditions (the chamber was evacuated be-
low 10 kPa). The 27 Gy of the nominal dose of al-
pha radiation was calculated assuming 45 mGy/s
of the dose rate, as expected for fine quartz grains
with the diameter of 10 micrometers. However, the
actual dose absorbed by the sample as a result of
irradiation is governed by charge build-up, atten-
uation and backscattering. For a given radiation
type and energy, the charge build-up and attenu-
ation depend on the thickness (grain size) of the
sample and its composition, while backscattering
is determined mainly by the sample carrier. In case
of quartz grains used in calibration, the backscat-
tering is influenced by the disc but in case of thin
diamond layer deposited on Si wafer, the backscat-
tering is affected mainly by Si substrate. Therefore,
nominal doses estimated on the basis of dose rates,
calibrated for quartz grains, should not be treated
as true absolute values for diamond samples, but
rather as relative doses corresponding to a given
sample and particular radiation [22].
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3. Results and discussion
The Raman spectroscopy is a fingerprint of each

crystal structure, therefore it is an ideal and non-
destructive tool for detection of different forms of
crystalline and amorphous carbons, characterized
by sp2 and sp3 hybridized C–C bonds [23] and for
this reason it is also frequently used for the analysis
of CVD diamond quality.

The phonon spectrum of diamond crystal is
characterized by triply degenerated phonon mode
in the center of Brillouin zone which gives a single,
sharp peak at 1332 cm−1 in the Raman spectrum,
associated with the first-order phonon mode.

The SEM photo and Raman spectrum of the di-
amond sample are shown in Fig. 1.

Fig. 1. HF CVD undoped diamond film before irradia-
tion: (a) SEM photo, (b) Raman spectrum (after
PL background subtraction).

The recorded Raman spectrum indicates that
our diamond film is of relatively high quality as it is
indicated by FWHM (full width at half maximum )
which is equal to 4.3 cm−1. The Raman spectrum
shows also a low intensity broad band peaked at
around 1510 cm−1 (G-band) indicating that there
may be a small amount of graphitic or amorphous
carbon phase present in the film.

TL glow curves after subtraction of the back-
ground (originating from incandescence of heat-
ing strip, i.e. black body radiation) are presented
in Fig. 2.

The TL curves were deconvoluted using Glow-
Fit software assuming three components of the first
order kinetics.

As a result, the values for the activation energy
E (eV) and attempts-to-escape frequency s (s−1) for
every component have been obtained (Table 1 and
Table 2).

As it can be noticed from Fig. 2, both glow
curves recorded after α and after β irradiations
show similar shapes. Deconvolution revealed two
dominant TL peaks in a high-temperature region:
around 600 K and 500 K and less intense low-
temperature peak near 400 K.

One of the most popular methods for analyz-
ing TL glow curves is the method proposed by
Chen [24] and Pimpalshende et al. [25]. Fig. 3
presents the idea of this method.

Depending on a shape of the glow curve, the ac-
tivation energy can be calculated from the follow-
ing equation [25, 26]:

Eλ =Cλ (kT 2
m/λ )−bλ (2kTm) (1)

where λ is τ, δ orω and Cλ and bλ are given by:

Cτ = 1.51+3(µ −0.42)andbτ = 1.58+4.2(µ −0.42)
(2)

Cδ = 0.976+7.3(µ −0.42) and bδ = 0 (3)

Cω = 2.52+10.2(µ −0.42) and bω = 1 (4)

The value of µ (µ = (T2 − Tm)/(T2 − T1)
is 0.42 for first-order kinetics and 0.52 for
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Fig. 2. TL glow curves and fitting results for the sam-
ple of polycrystalline CVD diamond films irra-
diated with (a) α nominal dose of 27 Gy and (b)
β nominal dose of 940 Gy.

Fig. 3. The idea of the method for glow curve shape
analysis.

second-order kinetics [25]. The value of ρ

(ρ = (T2 − Tm)/(Tm − T1) ranges from 0.7 to
0.9 for first-order kinetics and from 1.05 to 1.2 for
second-order kinetics.

The TL glow curve parameters for CVD dia-
mond film are collected in Table 1 and Table 2.

From Fig. 2 it follows that although β nominal
dose is 35 times higher in comparison to α nominal
dose, the ratio of TL intensity excited by β irradia-
tion to TL intensity excited by α irradiation is only
of the order of 3. Surprisingly, low TL sensitivity
to β radiation can be explained by extremely low
thickness of the diamond layer.

Let us consider this problem in details.
Strontium-90 has a half-life of 28.8 years and aver-
age energy of emitted beta-particles (betas) is only
0.196 MeV. The daughter nucleus yttrium-90 has
a half-life of 64 h and emits betas with an aver-
age energy of 0.927 MeV. In the source, both ra-
dioisotopes are in equilibrium and both β compo-
nents contribute to the β dose. The values of max-
imum depth of penetration were estimated as 90 %
of CSDA range read from NIST database [27]. The
maximum ranges of betas in diamond are: 130 mi-
crons and 1100 microns for 0.2 MeV and 0.9 MeV,
respectively. Hence, the thickness of the diamond
layer (c.a. 1.5 microns) is much less than the aver-
age range of β particles from Sr-90/Y-90 source.

In such short distance, the energy transfer from
β particles to the absorber is less effective due to
build-up phenomenon, which is even more impor-
tant for low energy electrons. The depth required
to develop build-up is of the order of 1/3 to 1/2 of
the maximum range and it is not satisfied by the
thickness of our diamond sample. Because of that,
actual dose deposited in the CVD is much lower
than the value estimated from the dose rate cali-
brated for bigger quartz grains, whose size assures
build up conditions [22].

Regarding the alpha particles emitted from Am-
241 source (main energy range 5.5 to 5.6 MeV),
their maximum depth estimated as 99 % of CSDA
range read from NIST database [27] appears to be
of the order of 15 microns. It is still more than the
sample thickness and one has to keep in mind that
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Table 1. TL glow curve parameters for CVD diamond film after β-irradiation.

Band
Tm
[K]

E
[eV]

s
[1/s]

T1
[K]

T2
[K]

µ Eτ

[eV]
Ballarin
factor ρ

Kinetic
order

1 429 0.2529 1.40·103 359 490 0.47 0.29 0.87 Mixed
2 526 0.4316 1.35·104 460 580 0.45 0.47 0.82 1
3 610 0.8336 2.07·108 561 648 0.44 0.89 0.78 1

Table 2. TL glow curve parameters for CVD diamond film after α-irradiation.

Band
Tm
[K]

E
[eV]

s
[1/s]

T1
[K]

T2
[K]

µ Eτ

[eV]
Ballarin
factor ρ

Kinetic
order

1 388 0.2912 2.08·103 336 431 0.49 0.34 0.94 Mixed
2 514 0.3086 3.41·103 431 585 0.46 0.35 0.86 1
3 603 0.8612 4.28·108 556 639 0.43 0.90 0.77 1

alpha particles deposit most of their energy in the
final length of their path in the absorber. Therefore,
the nominal alpha dose of 27 Gy is surely overesti-
mation of the actual dose absorbed by the sample.

The performed TL analysis gives indications
and a great deal of information relative to defects
present in the films and may be a valuable com-
plementary tool for characterizing polycrystalline
CVD diamond films.

Up to now, studies on CVD diamond as TLD
material have tended to focus on TL response as
a function of doping [7, 16]. The comparison be-
tween undoped and N-doped CVD diamond do not
show any clear trends in TL yield. Although doping
levels due to inclusion of N may have contributed
to TL response, direct comparison with undoped
CVD diamond is difficult due intrinsic defect levels
present in all CVD diamond.

4. Conclusions
The TL sensitivity of investigated sample ap-

pears to be very low due to very small thickness
of the film. As a matter of fact, only small fraction
of radiation dose is delivered into the CVD film.
Most of α and β particles pass through the dia-
mond layer and they are stopped in Si substrate,
where the major part of radiation dose is imparted.
Additionally, the low TL sensitivity can also be at-
tributed to low concentration of defects connected

with TL traps. Three types of traps responsible for
TL signal can be recognized from glow curve de-
convolution assuming first order TL kinetics. The
glow curves of the investigated sample exhibit one
dominant peak with maximum around 610 K. It is
connected with traps with the activation energy E
of the order of 0.85 eV and frequency factor s of
the order of 3·108 s−1. However, for the shallower
traps, their extremely low values of frequency fac-
tor s suggest that their kinetic order can be higher
than 1 and possibly many other shallow traps (con-
tinuously distributed) can be responsible for TL in
a low temperature region.

More studies are needed to determine dosimet-
ric features of the sample as well as reproducibility
and stability of TL response.
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