
APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 2 8 JULY 2002
Improvement of the dosimetric properties of chemical-vapor-deposited
diamond films by neutron irradiation
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The performance of chemical-vapor-deposited~CVD! diamond films as on-line dosimeters has been
substantially improved after irradiation with fast neutrons up to a fluence of 531014 n/cm2. This is
correlated to a decrease of more than one order of magnitude in the concentration of deep levels
with activation energy in the range 0.9–1.4 eV, as observed by thermally stimulated current and
photoinduced current transient spectroscopy. As a consequence, a fast and reproducible dynamic
response is observed during irradiation with a 6 MV photon beam from linear accelerator and with
a Co60 source. A quasilinear dependence of the current on the dose rate is obtained in the range of
interest for clinical applications~0.1–10 Gy/min!. The resulting sensitivity is definitely higher than
that of standard ionization chambers, and compares favorably with those of standard silicon
dosimeters and of best-quality natural and CVD diamond devices. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1491014#
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Many outstanding properties of diamond, in particu
soft-tissue equivalence, chemical inertness, nontoxicity
radiation hardness, make this material extremely appea
for clinical dosimetry.1–3 On-line dosimeters made with natu
ral diamond are already commercially available but e
tremely expensive and rare due to the difficulty in select
stones with the proper dosimetric characteristics. Chemi
vapor-deposited~CVD! diamond films have been recent
proposed in their stead, due to the potential low cost of
material. One crucial problem still unsolved is the CVD d
mond doping recipe required to optimize the performance
such devices. It is well known that a quasi-uniform distrib
tion of deep levels is needed to ensure the linear respons
the current signal as a function of the dose rate;4 unfortu-
nately, a high concentration of deep levels might also lea
a worsening of the device transport properties. The bulk
undoped CVD diamond films is characterized by a co
plexly structured distribution of traps giving rise to man
active energy levels. Luminescence spectra are dominate
the broadA band,5 placed near 3 eV, now related to defec
~possibly sp2-like structures! at dislocations and grain
boundaries.6 However, electrical properties at room tempe
ture are mainly influenced by shallower levels, below 1.5
due to incorporated impurities or correlated to extended
fects at grain boundaries.7,8 These traps can be effective
reducing the carrier lifetimes and, consequently, in wors
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ing the sensitivity, the dynamic response, and the reprod
ibility of the device during exposure to the radiothera
beams.9

In this work, we demonstrate that it is possible to s
nificantly improve the dosimetric performance of CVD di
mond films by opportunely tailoring the deep level distrib
tion through a preirradiation stage with fast neutrons at h
fluence levels. A commercial CVD diamond film with
31 cm2 area and 600mm thickness, equipped with Cr/Au
ohmic contacts~5 mm diameter! has been irradiated a
ATOMKI, Debrecen, Hungary, using fast neutrons produc
by 16 MeV protons in a 3 mmthick beryllium target and up
to a fluence of 531014 n/cm2. The neutron energy spectrum
is monotonically decreasing in the range from 0.1 MeV
about 15 MeV; for higher energies a sharp cutoff occurs10

Deep levels before and after neutron irradiation~NI! have
been investigated by means of thermally stimulated curre
~TSC! and photoinduced current transient spectrosco
~PICTS! using a xenon lamp which generates pulses of 0
and 2ms duration, covering the wavelength range 200–10
nm, with a peak at 300 nm. The TSC spectra, measu
before and after NI, exhibit a broad line peaked at;520 K,
as shown in Fig. 1. A detailed investigation revealed that t
dominant feature is due to the emission from different de
levels.11 At least four components are needed to fit the e
perimental results. The best fit is obtained using four de
levels ~Nos. 1–4! characterized by activation energie
in the range 0.9–1.4 eV, small capture cro
sections (10217– 10219 cm2) and total concentrationNt

'1019 cm23. Illumination with the Xe lamp does not ensur
a complete trap priming; thus, in order to completely satur
il:
© 2002 American Institute of Physics
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



t
ct
tra
de
ct
io

al
o

TS

m

e

o
.
te

As

is

ood

m-
min

at
nd
i-

era-

ar-
a-
as
nd
e

er

.
rm

pli

t

tion,
e

ured

ture

amic
s 0.3

299Appl. Phys. Lett., Vol. 81, No. 2, 8 July 2002 Bruzzi et al.
the dominant levels, the sample has been irradiated with
Co60 source up to a dose of 8 Gy. The resulting TSC spe
are plotted in the inset of Fig. 1, showing that the spec
amplitude is reduced by a factor 20–30 after NI. Some
fects activate near room temperature, generating a spe
contribution in the range 300–400 K. The total concentrat
of these traps before NI wasNt'1016 cm23, but after NI
they are no longer observable by TSC. They have been
studied by PICTS, which offers higher sensitivity and res
lution than TSC: Results are shown in Fig. 2. The PIC
spectra is calculated asS(T)5J(t2 ,T)2J(t1 ,T); J(t,T) de-
notes the current density transient at the temperatureT. We
usedt15100ms, t25400ms, a biasVbias550 V, and a heat-
ing rateb50.07 K/s, slow enough not to affect the spectru
shape. Two deep levels~Nos. 5 and 6! with energy'1.2 eV
and very large cross sections (;10213 cm2) can partially
account for this spectral feature, together with a shallow
level, No. 7 ~E50.39 eV, s53.2310219 cm2!. The signal
amplitude, and thus the concentration of deep levels N
5–7, are reduced about one order of magnitude after NI

The reduction of the deep levels concentration de

FIG. 1. TSC measurements performed with heating rateb50.15 K/s and
Vbias5100 V. The background current~a! is measured without excitation
The other curves in the main plot correspond to measurements perfo
after a 30 min excitation using the Xe lamp, before~c! and after~b! NI. The
contributions of fit components Nos. 1–6, calculated with arbitrary am
tudes, are shown in the bottom~dashed lines! for comparison. The spectra in
the inset have been measured after a priming with a Co60 g-source, up to a
dose of 8 Gy; the signal measured after NI~d! is multiplied by ten for better
comparison with the spectrum measured before NI~e!.

FIG. 2. PICTS spectra measured before~a! and after~b! NI. The calculated
spectral lines corresponding to deep levels Nos. 5–7 are reported in
bottom ~dashed lines!, with arbitrary amplitude, for comparison.
Downloaded 05 Aug 2002 to 148.6.160.6. Redistribution subject to AIP
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mines a general stabilization of the current response.
shown in Fig. 3, before NI, the current–voltage (I –V) char-
acteristic is nonsymmetric with respect toVbias50, and
shows a linear behavior only for positive biases. This
probably due to polarization effects.12,13 After NI, the I –V
curve becomes almost linear and symmetric, denoting a g
ohmic behavior, with a resistivity of about 1.831011 V cm.
In the inset, the characteristic measured before NI is co
pared with the same characteristic obtained after a 30
exposure to the xenon lamp and a 30 min de-excitation
room temperature. After illumination, the current grows, a
the I –V curve becomes highly nonlinear, putting into ev
dence the occurrence of polarization effects. The initialI –V
behavior is recovered after 20 h annealing at room temp
ture, or after heating the sample at 650 K.

The dosimetric characterization of the sample was c
ried out at the radiotherapy unit of Dipartimento di Fisiop
tologia Clinica of Florence. During exposure, the sample w
placed in a cylindrical polymethylmethacrylate housing a
biased with Vbias5100 V. The current response of th
sample under exposure to a Co60 source ~dose rateDr

50.2 Gy/min! is shown in Fig. 4. To passivate the deep

ed

-

he

FIG. 3. I –V characteristics before~circles! and after ~crosses! NI. The
dashed lines represent the fit of the characteristic after neutron irradia
corresponding to a resistivity 1.831011 V cm. Two curves measured befor
NI are shown in the inset. Curve~a! is identical to the curve marked with
circles in the main plot, and is compared with the characteristic meas
after exposure to Xe lamp~curve b!.

FIG. 4. Current response of the CVD diamond during room tempera
exposure to a Co60 g-source measured~a! before~as grown! and~b! after NI.
The source has been switched on and off several times to test the dyn
response of the sample. The applied voltage is 100 V, the dose rate i
Gy/min.
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traps, the sample has beeng-irradiated up to a dose of 20 G
before measurements. Before NI, the current underg expo-
sure is steadily increasing during time and, when the bea
switched off, the current shows a slow decay. After NI, t
intensity of the on-line current is lowered by one order
magnitude, but the dynamic response is heavily improv
The signal is well reproducible after several irradiati
cycles, achieving a stable value within a few seconds.
charge released over each irradiation cycle grows line
with the absorbed dose, determining a sensitivity of ab
45 nC/(Gymm3). This value is definitely higher than th
sensitivity of ionization chambers, and compares favora
with those of standard silicon dosimeters and best-qua
CVD and natural diamond devices.14,15

The current response as a function of the dose rate
been studied using the Co60 source and a 6 MV photon ra-
diotherapy beam from a linear accelerator in the ran
0.1–10 Gy/min. Results have been fitted to the standard
lationship for on-line dosimeters:I 5I 01RDr

D , with D
50.9. The quasilinear dependence of the current respo
with the dose rate suggests that, after NI, a significant
sidual trap concentration is still present in the material. T
microscopic mechanism which causes the radiation-indu
removal of the 0.9–1.4 eV levels is presently not clear. N
tron irradiation generates vacancy–interstitial pairs in
material bulk. The capture of mobile self-interstitial at e
tended defects or grain boundaries has been invoked to
plain the decreased intensity of the 2.156 eV luminesce
line after neutron irradiation.16 This explanation was base
on the assumption that the self-interstitial is mobile at ro
temperature. However, recent studies17 indicate that the self-
interstitial is not mobile below 700 K. Vacancy is not mobi
at room temperature, as well.18 Defects related to vacanc
are created by neutron irradiation, giving rise to the w
known GR andND absorption bands.19,20The shallower vi-
bronic systemGR1, which is related to neutral vacancy,
characterized by a zero-phonon line at 1.67 eV; theGR2 to
GR8 lines are localized between 2.8 and 3.0 eV, while
ND1 system, associated with the vacancy in negative s
has a zero-phonon line at 3.15 eV.GR2 – 8 andND1 transi-
tions are associated with photoconductivity,19 but are not de-
tectable by TSC and PICTS in the temperature range in
tigated in this work, due to their high activation energy. F
the same reason, they should produce a negligible effec
the dynamic response of the device operating at room t
perature. Since vacancies and interstitials are not mobil
room temperature, their reaction with existing defects
grain boundaries can not explain the decrease of the TSC
PICTS signals after NI. Nevertheless, the vacancy could
as a deep trap or recombination center for carriers. The d
Downloaded 05 Aug 2002 to 148.6.160.6. Redistribution subject to AIP
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energy levels created in large concentration by NI could
teract with the existing 0.9–1.4 eV levels, significantly r
ducing their filling under excitation. Moreover, if 0.9–1.4 e
levels are related to extended defects, structural changes
sequent to the direct collision between defects and neut
might occur.

Our results demonstrate that fast neutron irradiation
high fluence levels can be a very useful tool to optimize
performance of CVD diamond devices, through the co
trolled tailoring of the deep level distribution in the materi
bulk. This opens the way for the development of low co
high-quality CVD diamond on-line dosimeters for clinic
applications in radiotherapy.
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