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The behaviour of afterglow (AG), thermoluminescence (TL)
and infrared-stimulated luminescence (IRSL) in beta-irradiated
chemical vapour deposition diamond is presented. The TL glow
curve consists of four peaks with maxima at about 380, 430, 530
and 610 K. The AG decay is fitted by Becquerel’s law with expo-
nent close to 1, and correlates well with the thermal emptying
of the traps responsible for the 380 K peak. Stimulation with IR
light (830 nm) creates intense IRSL and destroys the 380, 430

and 530 K peaks. Illumination with shorter wavelength light
also destroys the 610 K peak. The thermal cleaning procedure
removes subsequently TL peaks, AG and IRSL. The AG signal
decays together with the disappearance of the 380 K peak. The
IRSL signal decays continuously with the removal of the 380,
430 and 530 K peaks. Traps responsible for the 610 K peak do
not participate in the IRSL process.
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1 Introduction Thermally stimulated luminescence
(TL) as well as optically stimulated luminescence (OSL)
have been proposed as suitable techniques for exploiting
the dosimeter potential of diamond. TL and OSL created
by radiation can also provide important information about
intrinsic and impurity defects, and are widely used for
the determination of kinetic parameters of electron and
hole traps. Synthetic diamond made by chemical vapour
deposition (CVD) has been extensively studied as a material
for radiation detectors and TL dosimeters, mainly because
of the unique properties that make it suitable for radiation
dose measurements in biomedical applications. There are
a number of reports in which the TL properties of CVD
diamond films have been investigated (see, for instance,
Refs. [1–3] and references therein). It has been also observed
that some diamond samples exhibit luminescence emission
immediately after irradiation, usually referred to as afterglow
(AG) or long persistence luminescence. AG is caused by
slow radiative recombination (phosphorescence) of elec-
trons thermally released from filled shallow traps into the
conduction band [4, 5]. Stimulation with infrared or visible
light of CVD diamond that has previously been exposed
to ionizing or UV radiation creates intense luminescence

referred as OSL [6–10]. OSL is caused by interaction of the
stimulating light with electrons trapped in optically active
traps. Usually, these traps are also responsible for the TL
peaks, so a correlation should exist between OSL and TL.

In this work, we report the behaviour of thermally and
infrared (830 nm) stimulated luminescence (IRSL) in nom-
inally undoped microcrystalline diamond films exposed to
beta radiation, with the aim to establish the correlation
between its TL and OSL properties.

2 Experimental All data reported in this work refer to
the same film for comparison. Measurements on another film,
grown under the same conditions, produced similar results.
The film was grown for a total of 107 h on a monocrystalline
silicon substrate using hot filament CVD and 1% CH4/H2

as process gases. The substrate was (100) oriented and had
dimensions of about 0.5 × 5 × 5 mm3. The thickness of the
grown film was 53 �m and consisted of a polycrystalline
layer with a columnar structure.

All measurements and procedures on the substrate cov-
ered with the diamond film were performed inside an adapted
Risø TL/OSL reader (model TL/OSL – DA-15). In this
device, a cup with the sample was placed on a rotating table
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Figure 1 Characterization of the diamond
film. Left: SEM micrograph. Right: Raman
spectrum taken with 514 nm excitation.

and automatically moved to several positions at which mea-
surements and procedures were performed. These included
TL and OSL measurements, beta irradiations and optically
bleaching procedures. The device was equipped with a
33 mCi 90Sr–90Y source for the beta irradiations, with an IR
laser (830 nm, ∼0.4 W at 100% power) for the infrared stimu-
lation, a heater for thermal stimulation and a photomultiplier
tube (Electron Tubes Inc., type 9235QB) for measurements
of stimulated luminescence. According to the Riso devise
specifications, the indicated activity of the beta source cor-
responds to a dose rate of about 300 Gy/h in quartz. The
stopping powers (in MeV cm2/g unit) of diamond and quartz
are closer than 5% for electron energies between 0.3 and
2.5 MeV so that the absorbed dose rate in diamond could be
taken equal to that in quartz [11]. For the optical bleaching,
the original device was adapted by the introduction of the
end of an optical fibre at one of the possible sample posi-
tions. The other end of the fibre was coupled to the exit
slit of a motorized monochromator (Kratos, model GM252).
The entrance slit of the monochromator was coupled to
an automated home-built shutter, which was itself coupled
to an Oriel lamp housing (model 66921) equipped with a
xenon arc lamp (Oriel, model 6262) operating at 300 W.
The bandwidth of the bleaching light was about 15 nm for
the entrance and exit slit values of 5 mm. Optical bleaching
with the xenon lamp, beta irradiations and IRSL readouts
were all performed at room temperature (RT). The heating
rate of TL readouts was 2 K/s. To protect the photomulti-
plier all luminescence measurements were performed with
a Schott BG-39 bandpass filter (transmission 330–620 nm)
in front of the photomultiplier. The TL/OSL reader device,
the shutter and the monochromator were interfaced to a
computer from where they were controlled by a bespoke

computer program. The computer program allowed subse-
quent experiments including irradiation, bleaching, TL and
or OSL measurements to be performed automatically.

3 Results
3.1 Sample characterization The surface morphol-

ogy of the grown diamond films was examined by scanning
electron microscopy (SEM). Figure 1 (left) shows a micro-
graph of the diamond film surfaces. The film covered the
entire surface of the substrate and exhibited polycrystalline
morphology. The film was composed of sharp, well-faceted
microcrystallites ranging in size from about 1 to 10 �m, with
many twinned crystallites and no obvious preferential ori-
entation. The Raman spectrum of the film (Fig. 1, right)
exhibits a sharp band at 1332 cm−1 attributed to the first-
order phonon mode for diamond, which is the characteristic
of a good quality diamond.

3.2 Afterglow, thermally and optically stimu-
lated luminescence The TL glow curves of the CVD
diamond film are depicted in Fig. 2 (left). The film was irra-
diated with beta radiation in 20–400 Gy dose range. At low
dose the glow curve exhibits two separate TL peaks with
maxima at about 380 and 610 K and an intermediate part
between with unstructured TL. All of the three parts of the
TL curve grow with increasing dose, but the intermediate
part grows faster and becomes dominant at doses higher than
100 Gy. Our measured TL high dose responses are compara-
ble to other studies [12–15] and higher to many works that
report TL saturation at few Gy.

After irradiation with beta rays at RT the diamond film
exhibited luminescence emission that is usually referred to
as persistent luminescence or AG. Figure 2 (right) shows

Figure 2 Left: TL glow curves of the dia-
mond film irradiated with the indicated beta
doses. Right: AG and IRSL decay curves
recorded immediately after beta irradiation
with 30 Gy.
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Figure 3 Left: TL glow curves recorded
after beta irradiation (the upper curve) and
after beta irradiation followed by preheats
up to the indicated temperatures (thermal
cleaning). Right: Dependences of integrated
AG and IRSL signals (points) on preheat
temperature.

the AG decay curve recorded immediately after the end of
irradiation. The curve gradually decreases with time to the
background level. The AG intensity increases as irradiation
dose increases but the shape of the AG decay curves did not
change significantly. The decay curve is fitted well by the
phenomenological Becquerel’s law [16]

IAG(t) = I0

(1 + t/τ)a
, (1)

where the exponent a is close to 1 and τ is ∼60 s. This kind
of decay, with a ∼ 1, is typical for second-order kinetics.

Figure 2 (right) also shows the effect of stimulation with
830 nm light on the luminescence of the beta-irradiated dia-
mond film. After irradiation the film exhibits intense AG
due to thermal emptying of traps. When the IR stimulation
is switched on, the luminescence intensity increases sharply
due to additional emptying of the traps by light. Further stim-
ulation decreases the luminescence that decays faster than
AG. Once the stimulation light is switched off, the lumines-
cence intensity drops down rapidly to the background level
(it should be mentioned that the background level depends
on the IR stimulation power).

3.3 Effect of thermal cleaning on TL, AG and IRSL
A thermal cleaning procedure was carried out to clarify the
structure of the glow curves. This procedure consisted of the
following repeated steps: beta irradiation with 30 Gy, pre-
liminary TL readout up to preheat temperature, cool down to
RT, second TL readout up to 753 K (preheated glow curves),
cool down to RT. The preheat temperature was changed from
303 to 663 K with step size of 20 K. Figure 3 (left) shows the
initial and preheated TL glow curves of the diamond film
subjected to beta irradiation with 30 Gy. The preheated glow
curves show the typical subsequent disappearance of the TL
peaks. The disappearance of the first peak is accompanied
by the shifting of its maximum towards higher temperatures.
This indicates (together with the symmetric appearance of the
peak) that this peak behaves according to second-order kinet-
ics. Further increasing of the preheat temperature reveals that
the glow curve between 430 and 530 K consists of at least
two peaks with maxima at about 470 and 550 K. The last TL
peak has a maximum at ∼610 K. Its maximum also moves
a little towards higher temperatures with increasing preheat
temperature. So, either this peak obeys non-first-order kinet-

ics, or an additional TL peak with maximum at about 650 K
exists. Hereafter, suppose that the TL curve of the diamond
film consists of four peaks with maxima at 380, 430, 530 and
610 K, we will use these temperatures to specify these peaks.

The effect of the thermal cleaning on the AG and IRSL
has also been studied to determine the traps responsible for
the AG and IRSL. The procedure was similar to that described
previously, and consisted of the following repeated steps: first
beta irradiation with 30 Gy, preliminary TL readout up to a
preheat temperature, cool down to RT, AG measurements
at RT during 240 s (preheated AG), second TL readout up
to 753 K (preheated and storage-affected glow curve), cool
down to RT, second beta irradiation with 30 Gy, preliminary
TL readout up to specified preheat temperature, cool down
to RT, IRSL measurements at RT during 240 s (preheated
IRSL), second TL readout up to 753 K (preheated and IRSL-
affected glow curve) and finally cool down to RT. The preheat
temperature was changed from 303 to 663 K with a step size
of 10 K.

The effect of the thermal cleaning on AG and IRSL sig-
nals is shown in Fig. 3 (right) where the TL glow curve
recorded immediately after beta irradiation is also presented.
In the case of AG, the points are the integrated preheated
AG with subtracted background (AGpre). The measured IRSL
signal at RT consists of luminescence stimulated both by IR
light and by heat (AG), so the differences between integrated
preheated IRSL with subtracted background (IRSLpre) and
AGpre were presented as the IRSL points.

Figure 3 (right) gives clear evidence that AG is related
directly with the 380 K peak. Among various mechanisms
responsible for AG the simplest is due to the radiative recom-
bination of electrons thermally released from filled traps
into the conduction band. In our case, the 380 K peak is the
most unstable at RT (see below); so the AG process in the
beta-irradiated diamond film is the phosphorescence process
determined by the thermal emptying of the traps responsible
for the 380 K peak.

As in the case of AG, the preliminary heating also
destroys IRSL. The destruction of IRSL with increasing
preheat temperature is monotonic, but exhibits three poorly
defined regions: up to 400 K, between 400 and 500 K, and
for preheating temperatures, higher than 500 K. For these
regions, the IRSL decay is mainly caused by the thermal
decay of 380, 430, and 530 K peaks, respectively. The IRSL
is fully absent in the diamond film preheated up to 600 K and
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Figure 4 Effect of AG and IRSL readout
TL. Left: TL glow curves recorded after beta
irradiation with 30 Gy followed by AG (open
markers) or IRSL (solid markers) readouts
during indicated time. Right: The difference
curves between samples recorded after AG
and IRSL readouts with the indicated read-
out time. The solid line is the upper curve
from the left figure.

Figure 5 Effect of light illumination on TL.
Left: TL glow curves recorded after beta irra-
diation followed by the indicated treatments.
Right: The difference curves between the
curve recorded with 1 h dark storage and the
curve recorded with 1 h light illumination of
indicated wavelengths.

to higher temperatures where only the 650 K peak exists. So
the 830 nm light cannot release trapped electrons from the
traps of the 650 K peak.

3.4 Bleaching of TL by IR and visible light Addi-
tional information about the correlation between TL and
IRSL can be obtained from the optical bleaching of TL. For
this, two types of optical bleaching were carried out, first with
the IRSL readouts and then with the Xenon lamp. Because of
the TL decay during long time storage (fading), each bleach-
ing measurement was repeated with zero light intensity.

The bleaching with the IRSL readouts consisted of the
following repeated steps: first beta irradiation with 30 Gy, AG
measurements at RT during 240 s, TL readout up to 753 K
(dark-storage-affected glow curve), cool down to RT, sec-
ond beta irradiation with 30 Gy, IRSL readout at RT during
240 s, TL readout up to 753 K (IRSL-affected glow curve),
cool down to RT. The readout time of AG and IRSL was 20,
40, 80, 160, 320, 640, 1000, 2000 and 4000 s. Figure 4 (left)
shows the dark-storage and IRSL-affected TL glow curves.
AG readout or fading changes the TL glow curve shape dras-
tically. The main change is caused by the decaying of the
380 K peak, which completely disappears after 1 h of dark
storage. The decay of the other peaks is not so pronounced
but nevertheless noticeable. It is a little strange, especially for
the 610 K peak, whose traps have too high activation energy
to be emptied at RT.

Stimulation with 830 nm light (IRSL readout procedure)
causes additional removal of the TL peaks. Figure 4 (right)
shows the difference curves between the dark-storage- and
IRSL-affected TL glow curves. These curves present the
components of TL glow curves, which are bleached by
830 nm light illumination. It can be seen that the 830 nm

light only destroys the TL between 300 and 600 K, which
correspond to the 380, 430 and 530 K peaks and that the
610 peak is left unaffected. Thus, the IRSL signal is related
to the release of electrons by 830 nm light from the traps
responsible for the 380, 430 and 530 K peaks.

The bleaching with the xenon lamp consisted of the
following repeated steps: beta irradiation with 30 Gy,
illumination with light of selected wavelength at RT during
1 h, TL readout up to 753 K (light-affected glow curve) and
cool down to RT. The wavelength was changed from 900
to 450 nm with a step size of 50 nm. Before the bleaching
measurements, the TL of the film that had been beta irradi-
ated with 30 Gy followed by 1 h dark storage was recorded.
Figure 5 (left) shows the light-affected TL glow curves as
well as the glow curve recorded without light stimulation.
The effects of bleaching with the xenon lamp are similar
to those of the IRSL readout. The only difference that was
observed is the pronounced removal of the 610 K peak by vis-
ible light. This means that all the TL traps are optically active
and can be ionized by light. The optical ionization threshold
energy of the traps responsible for the 610 K peak is close
to 1.5 eV (the energy of the IRSL stimulation light). The
thresholds of the 380, 430 and 530 K peak traps are lower.

4 Conclusions The TL glow curve of the investi-
gated beta-irradiated CVD diamond samples consists of
four overlapped peaks. The first pronounced TL peak obeys
second-order kinetics. The peak maximum (at 380 K if
recorded immediately after beta irradiation) moves towards
higher temperatures with dark storage (fading) or preliminary
heating. The other TL peaks have maxima at about 430, 530
and 610 K, but their nature needs to be clarified by further
investigation.
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Immediately after irradiation, the sample exhibits pro-
nounced AG (phosphorescence) caused by thermal emptying
of the traps responsible for the 380 K peak. Stimulation
with IR light (830 nm) creates IRSL and removes the 380,
430 and 530 K peaks. Illumination with shorter wavelength
light also removes the 610 K peak. The thermal cleaning
procedure subsequently removes TL peaks, AG and IRSL.
The AG signal decays together with the removal of the
380 K peak. The IRSL signal decays continuously with the
removal of the 380, 430 and 530 K peaks. Traps respon-
sible for the 610 K peak do not participate in the IRSL
process.
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