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Chemical vapor deposition (CVD) diamond has not found
extensive application as a thermoluminescence (TL) dosimeter,
mainly because its TL glow curve shape is not reproducible.
A slight variation in the growing conditions may result in
strong changes in the morphology, microstructure, and surface-
impurity-related defects, considerably affecting the TL glow
curve features. In order to study the main TL characteristics
under controlled growing conditions, we present results on three
0.5, 1.0, and 4.0 pm thick hot filament CVD (HFCVD) diamond
films grown on Si (100) substrates. The recorded TL glow curves
were resolved into individual peaks by a home-made deconvo-
lution program and the kinetic parameters of the peaks were

1 Introduction Thermoluminescence (TL) is usually
observed in chemical vapor deposition (CVD) diamond sam-
ples that were previously exposed to ionizing radiation. After
heating the specimen above the temperature at which the irra-
diation was carried out, the light emission intensity measured
as a function of temperature provides a distinctive TL glow
curve. The glow curve gives information regarding the charge
trapping and transfer processes resulting in radiative recom-
bination [1]. Localized trapping levels or traps in diamond
may be formed inside the wide (5.5 eV) band gap by impu-
rities, doping materials or defects. On the other hand, the
CVD diamond growing conditions may have a strong effect
on the morphological properties, crystalline structure, grain
boundaries and defect concentration, affecting the number,
and distribution of the trap energy levels in CVD diamond
films. Therefore, the TL glow curve shape and peak struc-
ture depend strongly on the growth conditions and existing
defects in the CVD diamond, making the TL phenomenon
a relatively complex process to understand and replicate for
TL dosimetry (TLD) applications.

extracted. The best fits of the TL glow curves were obtained
using four peaks, except for the 4.0 wm thick sample that
required five TL components. All samples showed three high
intensity TL peaks between 180—400 °C and a less intense one or
two peaks in the 100—180 °C low-temperature region. The low-
temperature components all obey second-order kinetics while
the high-temperature ones obey first and 1.6 order kinetics.
The samples showed similar TL peaks with comparable kinet-
ics parameters. It is concluded that the manufacturing of high
quality HFCVD diamond may require a further improvement
in the growing process in order to exploit its excellent tissue-
equivalence properties in clinical and medical applications.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

TL detection and dose assessment of many types of ion-
izing and non-ionizing radiation applications using synthetic
diamond grown by CVD depends on having reproducible TL
properties and dose response. Unfortunately, the CVD dia-
mond films produced in different laboratories have not shown
standard TL properties [2—10], which is a serious disadvan-
tage in comparison to the current TLD materials like LiF:Mg,
Ti; LiF:Mg, Cu, P; and Al,O;:C. In the present work, we stud-
ied the TL properties of three undoped diamond films grown
by hot filament CVD by utilizing identical growth condi-
tions and growth rates ~0.5 wm/h. All films were grown on
Si (100) substrates having an estimated 0.5,1.0, and 4.0 pm
thicknesses for 1.5, 4.0, and 8 h growth times, respectively.
They were labeled Al, A2, and A3 as depicted in Table 1.
The aim of this work was to perform a TL characterization
and to determine the kinetic parameters associated with shal-
low and deep traps in these CVD diamond films. TL is an
excellent method for testing the homogeneity of the CVD
layer linked to defects, impurity content, morphology, and
microstructure.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Characteristics of HFCVD diamond films.

sample growth time (h) estimated thickness (jum)
Al 1.5 0.5
A2 4.0 1.0
A3 8.0 4.0

2 Experimental The hot filament CVD diamond films
were grown on Si (100) boron-doped 5 x 5 mm? (resistiv-
ity 1-100 €2) substrates by using a 1% CH,/H, gas mixture
and growth rates ~0.5 wm/h. The diamond samples were
B-irradiated using a **Sr—""Y source having an activity of
0.04 Ci and 5 Gy/min dose rate. The CVD diamond quality
and surface morphology were assessed by Raman and scan-
ning electron microscopy (SEM) techniques, respectively.
The TL measurements were carried out on an automated
Risg TL/OSL reader (model TL/OSL-DA-15) and heating
rate of 2°C/s.

3 Results and discussions Raman spectroscopy
allows for ready identification of the typical sharp line
at 1332cm™! associated with the first-order phonon mode
for diamond, which is characteristic of good quality dia-
mond. Raman spectroscopy is known to be an ideal and
non-destructive tool to differentiate between all the forms
of crystalline and amorphous carbons, either in the sp* or
sp® configuration. The 1332cm™" band is depicted in Fig.
1 for the three CVD diamond samples showing a system-
atic intensity increase as the growth time increases. The
Raman spectra indicate the high quality of the diamond
films. The Al film also shows a low intensity broad absorp-
tion between 1480 and 1580cm™', not observed in the
A2 and A3 samples, indicating that there may be a small
amount of graphitic or amorphous carbon present in the film.
Raman spectroscopy may provide information from phase

514 nm Raman

Intensity (arb. units)
>
R

A3

| | |
1200 1400 1600
Wavenumber (1/cm)

1000

Figure 1 (online colour at: www.pss-a.com) Raman spectra of
CVD diamond films using 514 nm excitation. The codes A1-3 are
explained in Table 1.
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purity to crystal perfection, to occurrence of impurities and
extended defects, which are very important for tailoring the
thermally stimulated luminescence properties of diamond
films adequate for TLD applications. The structural defects
and impurities decrease the crystalline perfection of dia-
mond films and create states within the diamond band gap,
which give rise to localized trapping levels in CVD diamond
films.

Complementary information about the diamond film
surface morphology and the growth time was investigated
by SEM. Figure 2 shows the micrographs of the diamond
film surfaces. The films are composed of sharp well-faceted
micro-crystallites ranging in size from about 0.1 to 2 um
with many twinned crystallites. They have no evident prefer-
ential orientation and the crystal size depended on the growth
time. Film A1 exhibited an inhomogeneous surface growth
and smaller size crystallite distribution. This microstructural
characteristic may be associated to the observed low inten-
sity 1332 cm™" diamond Raman band and the peaks around
1480-1580 cm™". The A2 and A3 diamond samples micro-
graphs shows well-faceted micro-crystallites ranging in size
from about 0.5 to 2 wm characteristic of a continuous film
with well-defined facets composed mainly of diamond, as
indicated by its Raman spectrum, and very little non-diamond
component. The growth of good quality CVD diamond films
involves, first, nucleation of individual crystallites on the
substrate surface, then three-dimensional growth of these
crystallites, faceting and coalescence with neighboring crys-
tallites, and finally growth of a continuous polycrystalline
diamond layer. This growth process is very likely happening
as depicted by series of SEM micrographs showed: in the
Al sample the growth time was too short to produce a con-
tinuous diamond film, whereas in A2 and A3 the films had
coalesced.

TL characterization was carried out using a home-made
deconvolution program based on the non-linear least-square
Marquardt method from which the kinetic parameters were
extracted. The curve-fitting method, described in detailed
elsewhere [10], was performed to obtain the best fit to exper-
imental data, assuming a given number of general order
kinetics peaks. Therefore, the best fit provided the kinetic
order and values for the activation energy E (eV) and fre-
quency factor s (s7'). The best fits are shown in Figs.
3-5 and the values of the kinetic parameters are shown in
Tables 2—4.

The TL glow curve shapes in all samples are character-
ized by a dominant TL peak around 250-300°C and a less
intense peak in the 100—-145 °C low-temperature region. The
low-temperature components all obey second-order kinetics
and are located around 100-145 °C. The dominant TL peaks
are of first-order kinetics except for sample A3 that obeys
kinetics order of ~1.6. It should be recalled that a first-order
kinetics process means negligible retrapping during the ther-
mal stimulation, and is characterized by an asymmetric TL
peak being wider on the low temperature side than on the high
temperature side, a feature clearly shown in Figs. 3-5. In con-
trast, a second-order TL peak is wider and more symmetric

WWWw.pss-a.com
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Figure 2 Typical SEM micrographs of Al (top), A2 (middle), and
A3 (bottom) CVD diamond films.

than a first-order peak. Physically, this means that a signifi-
cant part of the released charge carriers are retrapped before
they recombine, giving rise to a spreading bell-shaped TL
emission over a wider temperature range, as seen in peak 1
of samples Al and A2, and peaks 1 and 2 of sample A3.
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Figure 3 (online colour at: www.pss-a.com) TL glow curve of Al
CVD diamond film (circles) deconvoluted into separate peaks (thin

lines) with the kinetic parameters presented in Table 2. The blue
line is the sum of the peaks and the background.
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Figure 4 (online colour at: www.pss-a.com) TL glow curve of A2
CVD diamond film (circles) deconvoluted into separate peaks (thin
lines) with the kinetic parameters presented in Table 3. The blue
line is the sum of the peaks and the background.
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Figure 5 (online colour at: www.pss-a.com) TL glow curve of A3
CVD diamond film (circles) deconvoluted into separate peaks (thin
lines) with the kinetic parameters presented in Table 4. The blue
line is the sum of the peaks and the background.
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Table 2 Kinetic parameters for A1 CVD diamond film.

peak  temperature of  kinetic  activation frequency
maximum (°C)  order energy (eV)  factor (s71)
1 143 2 0.55 3.3 x10°
2 203 1 0.53 2.2 x 10*
3 274 1 0.74 3.7 x 10°
4 315 1.6 1.61 7.2 x 10"

Table 3 Kinetic parameters for A2 CVD diamond film.

peak  temperature of  kinetic  activation frequency
maximum (°C)  order energy (eV)  factor (s7!)

1 114 2 0.43 2.3 x 10*

2 192 1 0.51 1.8 x 10*

3 256 1 0.78 2.1 x 106

4 311 1.6 1.12 3.5 x 108

Table 4 Kinetic parameters for A3 CVD diamond film.

peak  temperature of  kinetics activation frequency
maximum (°C)  order energy (eV)  factor (s71)
1 106 2 0.78 2.9 % 10°
2 159 2 0.72 2.3 x 107
3 232 1 0.68 3.7 x 10°
4 294 1.6 0.97 2.9 x 107
5 374 1 0.93 8.5 x 10°

Several studies have shown that CVD diamond films
exhibit very different TL glow peak structures depending on
their growth parameters, impurities, and doping materials.
Since TL is very sensitive to defects and impurity-related
centers, it is a difficult task to assign a TL glow peak to a
particular impurity or defect. However, the glow curve shape
for most synthetic CVD diamonds seems to be composed of
one or two main bands peaked at 50-150 and 200-350°C,
along with some overlapped structure of different intensities
TL peaks [2—15]. The TLD performance of CVD diamond
has been tested in a number of diamond samples of diverse
origin. For example, a batch of 20 CVD diamond samples
from the same wafer, from Institute of Material Research
at Limburg University, Belgium, showed a non-reproducible
30% discrepancy TL response without previous annealing
[5, 8]. The TL variations and fluctuation diminished after
1 h annealing at 400 °C before irradiation. The TL varia-
tions were attributed to a non-homogeneous distribution of
dopant concentration across the CVD wafer from which
the examined samples came. Other authors investigated the
TL properties of ten CVD diamond specimens and found
around 5% TL reproducibility and sensitivity comparable to
commercial LiF dosimeters, although no batch homogene-
ity was reported [16, 17]. Six high-quality CVD diamond
cut from the same wafer obtained from De Beers Industrial

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Diamonds (UK) Ltd. exhibited a 2% reproducibility over ten
TL measurements and an average of 6.1% for the six sam-
ples [3]. A more recent comparative investigation on the TL
properties focused on clinical dosimetry, established 3% TL
measurement reproducibility on 20 CVD diamond samples
synthesized by the Naval Research Laboratory. The samples
showed a remarkable +5% TL sensitivity from the mean
value, which was five times higher than that of the commer-
cially available TLD 100 dosimeter [18]. It is to be noted that
some of the large 2-30% reproducibility differences may be
due to the TL read-out protocols used, annealing conditions
as well as local environmental disturbance. There is a general
agreement that TL glow curve features and dosimetry perfor-
mance originates from the CVD diamond crystallographic
defects and centers as a result of extrinsic substitutional
impurities or intrinsic-like interstitials introduced during the
growth process.

The effect of nitrogen incorporation in CVD diamond
films during growth on the TL performance has been under-
taken with the expectation that this may control the trapping
level population to improve the TL sensitivity, reproducibil-
ity, and dose linearity [ 19-21]. Indeed, optimization of the TL
intensity and dose linearity were found through incorpora-
tion of 20 ppm nitrogen concentration in the gas phase [20].
However, the TL glow curve had different shapes depend-
ing on nitrogen concentration. The low-temperature peak,
clearly observed for low or zero nitrogen incorporation,
decreased for higher nitrogen concentration. In addition, the
high-temperature peak shifted from 230 to 250 °C when the
nitrogen concentration incorporated into the diamond film
increased, except for a nitrogen concentration of 20 ppm
where the peak position remained at 230 °C. Also, a 20 ppm
nitrogen concentration increased the TL dose saturation
region form about 1 Gy (undoped) to about 40 Gy, which
is a remarkable improvement with respect to undoped dia-
mond samples. Further studies in the same set of samples
using micro-Raman spectroscopy and secondary ion mass
spectroscopy identified the contribution of graphitic phases
and DLC or amorphous carbon for samples with a 2%
[N,/H,] concentration in the gas phase [21]. The nitrogen
luminescence bands corresponding to an interstitial nitrogen
atom bonded to the nearest vacancy and to the NV sys-
tem (vacancy trapped at a substitutional nitrogen atom) were
identified. A significant finding established from the same
work [21] was that shallow levels, corresponding to near-
room-temperature peaks, were associated with low nitrogen
incorporation, while the high-temperature peak, correspond-
ing to deep levels were characteristic of higher nitrogen
incorporation samples.

The relative TL glow curve peak intensities and shift-
ing of its temperature maxima as a function of incorporated
nitrogen concentration has also been observed in nominally
pure CVD samples in which no nitrogen has been incorpo-
rated [19]. The films were unintentionally contaminated with
nitrogen from air leaks or impurities in reactants. However,
nitrogen concentrations were estimated to be in the range of
5-26 ppm, producing a TL increase in the low-temperature

WWWw.pss-a.com
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peak, optimized around 10ppm, along with a TL inten-
sity decrease in the rest of the observed TL peaks as the
nitrogen concentration increased. Therefore, even traces or
extremely low nitrogen doping levels, may cause strong
effects on the TL glow curve shape modifying the popu-
lation and trapping-level distribution in CVD diamond films.
Boron-doped CVD diamond films enhance around 25% the
TL sensitivity in concentrations below 15 ppm with respect
to undoped samples. However, for higher boron concentra-
tions (> 15 ppm) the high-temperature glow peaks decrease
drastically and low-temperature peak component appears
around 70°C [22].

It should be recalled that the main consequence of nitro-
gen or boron incorporation is to change the morphology and
defect content of the films [23, 24], which are responsible for
the thermally stimulated luminescence (TL), current (TSC),
and exoelectronic emission (TSEE) associated with defect
formation during growing and localized levels within the
gap [25, 26]. The presence of structural defects and compo-
sitional impurities, which, of course, depend on the growth
conditions, strongly affects the charge transport, collection
efficiency and trapping population, and causes evident effects
onthe TL glow curve. Itis also important to stress the fact that
even traces of nitrogen or boron impurities may have a strong
effect on the morphology and defect formation on the CVD
diamond samples. Therefore, the TL glow curves shown in
Figs. 3-5 may contain different nitrogen (or boron) features
linked to nitrogen-related defects with changing morphology
characteristics as the growth time increases.

The high-intensity TL glow peak around 250-300°C
observed in the CVD diamond samples shown in Figs. 3-5
has also been observed by other authors, but peaked at around
2672, 11,18, 30], 247 [19, 21], and 287 °C [21] overlapped
by a broad spectral TL 400-600 nm emission band attributed
to the well-known A-band associated with donor—acceptor
recombination pairs [22], where the donor would be nitrogen
and the acceptor boron [19]. The A-band has been observed
in natural and synthetic diamond as a broad 590—413 nm band
[27]. The glow peak components with their activation ener-
gies are shown in Tables 2—4, and are in agreement with
previously reported data. The differences may be accounted
for by the particular TL read-out protocol or the glow curve
deconvolution used. Although some TL glow peaks have
been ascribed to the presence of nitrogen or boron, additional
investigation is required due to the complexity of defects and
center formation.

The detection of defects and centers requires the use
of high resolution spectroscopic techniques, like photolu-
minescence (PL), cathodoluminescence (CL), or ion beam
induced luminescence (IBIL), which may provide conclu-
sive identification of the luminescence from defects and
centers in CVD diamond films. At the moment, we have
no spectroscopic information about the samples investigated
here, and work on this is in progress. However, we have
performed a very detailed IBIL on several CVD diamond
samples that indicates the presence of different nitrogen-
vacancy complexes, even in high-quality nominally undoped

WWW.pss-a.com

CVD diamond films [27]. Nitrogen-vacancy center emissions
corresponding to [N;-V-N,]°, [N,-V]°, [N-V]", and [N-V]~
were found in HFCVD and microwave CVD (MWCVD)
diamond film specimens [27-31]. The spectrally resolved
TL glow curve, i.e., the TL intensity as a function of emis-
sion wavelength and temperature, may provide information
about the impurities, defects, and radiative recombination
centers in a CVD diamond film, although with less sensitiv-
ity than IBIL [18, 21, 27]. Therefore, the standard TL glow
curve, recorded as a TL intensity-temperature curve, has a
strong limitation for the identification of defects and centers.
However, as the CVD growth process improves its control
on impurities and morphological features of the deposited
films, the TL glow curve might become a genuine signature
of the quality of CVD diamond films.

4 Conclusions Synthetic diamond grown by CVD is
a very attractive material for TLD applications. In spite
of the large potentialities, like having soft-tissue equiva-
lence, chemical stability, and non-toxicity, the growth of
CVD diamond films with tailored TL properties for radiation
dosimetry has been a difficult goal to achieve. The reason is
the great number of defects and centers created during growth
by impurities materials and instabilities of the CVD reactor
parameters. The presence of structural defects and compo-
sitional impurities, which depend on the growth conditions,
strongly affect the TL response of the CVD diamond film.
We have provided evidence that the TL glow curve features
change as a function of growth time of high-quality HFCVD
diamond films grown under the same reactor conditions. In
spite of the strict control on the growth and precursor gas
conditions imposed in the present experiment, we found no
obvious correlation between the growth conditions and the
TL pattern. This may perhaps be due to the HFCVD method
used, which may produce a great variety of defect complexes
responsible for the irregular TL glow curve features. It is
expected that the MWCVD technique would provide CVD
diamond samples with a more systematic TL behavior. The
TL glow curve structure may be ascribed to nitrogen-vacancy
complexes caused by traces of nitrogen or other contaminants
that modifies film morphology and crystallinity. Further high-
resolution spectroscopy measurements are necessary for a
conclusive assignment of the TL peaks to particular defects
or centers.
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